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ABSTRACT
4-C hlo rom ethy lsty rene  has been sy n th e s ise d  by a ro u te  commencing w ith  
p - to lu id in e ,  T his monomer has been po lym erised , <*od-azoisobutyro~ 
n i t r i l e  b e in g  used as i n i t i a t o r ,  and copolym erised w ith  s ty re n e .
P o ly sty ren e  has been converted  by c h lo ro m e th y la tio n  in to  p o ly - 
(c h lo ro m e th y ls ty re n e ) ,
The polym ers and copolym ers have been c h a ra c te r iz e d  by th e
o
d e te rm in a tio n  o f t h e i r  lo g a r ith m ic  v i s c o s i ty  numbers in  to lu e n e  a t  25 • 
P o ly (ch lo ro m e th y ls ty ren es) have been co n v erted , v ia  th e  th iou ron ium  
c h lo r id e s , in to  p o ly (m ercap to m eth y ls ty ren es), and r e a c tio n s  ty p ic a l  o f 
t h i o l s  o f low m o lecu lar w eight have been s u c c e s s fu l ly  a p p lie d  to  th e se  
polym ers, r e s u l t in g  in  th e  fo rm atio n  o f  poly(carbam oylm ethyl v in y l -  
benzy l s u lp h id e ) ,  po ly  [d i(4~ v in y lb e n z y lth io )m e rc u ry ], and p o ly - 
(2-c y a n o e th y l v in y lb e n z y l su lp h id e)*
A lk a lin e  s o lu t io n s  o f po ly (m ercap to m eth y lsty ren e) have been 
o x id ized  w ith  io d in e , and a tm ospheric  oxygen.
The r a te  c o n s ta n ts  o f  th e  r e a c t io n s  between sodium benzy l oxide and 
benzy l c h lo r id e , 4 -ch lo rom ethy lcum ene,. and th e  polym eric ch lorom ethy l 
compounds, in  benzy l a lc o h o l a t  70.55  ± 0 . 0 5 °, have been de term ined .
The r e s u l t s  have been d isc u sse d  in  r e l a t i o n  to  p o la r  and o th e r  
e f f e c t s ,  to  p h a in -c o i l in g ,  and to  th e  sp ac in g -o u t o f r e a c t iv e  groups 
in  th e  copolym er.
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POLYMERS AND POLYMERISATION 
H is to r ic a l  In tro d u c tio n
In 1861 Graham ^  su b je c te d  s o lu tio n s  o f  d i f f e r e n t  su b stan ces  to  
" d ia ly s is '^  and as a r e s u l t  d isco v e red  th a t  w h ils t  some su b stan ces  
in  s o lu tio n  r e a d i ly  passed  th ro u g h  a parchment membrane in to  th e  
pure s o lv e n t, th e re  were o th e r  su b stan ces  in  s o lu t io n  which d id  n o t 
pass a t  a l l  o r passed  through on ly  v e ry  slow ly . Those su b stan ces  
th a t  r e a d i ly  passed  th ro u g h  th e  membrane were term ed 11 c r y s ta l lo id s "  
(e .g , s a l t  and su g a r) , w h ils t  th o se  su b stan ces  t h a t  d id  n o t pass 
r e a d i ly  th rough  th e  membrane were term ed " c o l lo id s "  (e .g . c e r ta in  
in o rg a n ic  compounds, and o rg an ic  compounds such as albumen and 
s ta r c h ) .  Very soon many more o rg an ic  compounds were found th a t  
could  be c l a s s i f i e d  as c o l lo id s .  These compounds in c lu d e d  ru b b e r, 
and la b o ra to ry  p rep ared  su b stan ces  t h a t  are known to d ay  by th e  names 
o f  p o ly s ty re n e , p o ly b u tad ien e , and p o ly (m e th a c ry lic  a c id ) .
I t  was no ted  th a t  many in o rg a n ic  compounds t h a t  were co n sid e red  
to  be c r y s ta l l o id s  cou ld , as a r e s u l t  o f  d i f f e r e n t  means o f
(2 )p re p a ra t io n , a c t  l i k e  c o l lo id s .  T his su ggested  to  Ostwald K J t h a t  
th e re  d id  no t e x i s t  a s e p a ra te  group o f compounds term ed c o l lo id s ,  
bu t r a th e r  t h a t  th e re  e x is te d  "a c o l lo id a l  s t a t e  o f  m a tte r" . In  such 
a s t a t e ,  many m olecu les o f  o rd in a ry  m o lecu lar w eight were co n sid e red  
to  be h e ld  to g e th e r  by secondary  va len cy  fo rc e s .
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In. th e  cases o f  th e  p re v io u s ly  m entioned o rg an ic  co llo id s ,, i t  was
co n sidered  th a t  th e  m olecu les o f o rd in a ry  m o lecu lar w eight were
(1)c losed  chains,, such as th o se  t h a t  were suggested  by H a rr ie s  fo r  
ru b b er;
CHq-C-GHo-CHo-C-H 
■II ||-
H-G '-CH2 -CH2 -C -GH^
o r by Stobbe and Posnjak ^  fo r  p o ly s ty re n e ;
Ph
' ' I
Ph-CH-CH0 -CH-CIL
2 . j *2
Ph-CH-CHg-CH-CEj
Ph
or by Lebedev and H a rr ie s  ^  fo r  p o ly b u tad ien e ;
GH2 -GH=CH-GHa
cii2 -ch=gh-ch2
The p o s s i b i l i t y  o f  an open chain  s t r u c tu r e  f o r  th e se  m olecu les was 
g e n e ra lly  r e je c te d  on th e  grounds t h a t  no end groups, t h a t  would be 
n e ce ssa ry  to  s a t i s f y  th e  te rm in a l v a le n c ie s  o f  th e  c h a in , cou ld  be 
d e te c te d . However, a few chem ists  no t on ly  co n sid e red  th e  p o s s i b i l i t y  
o f open c h a in s , bu t went f u r th e r  and suggested  th a t  c e r ta in  o f th e  
o rgan ic  compounds t h a t  were th e n  co n sid ered  to  be c o l lo id s  d id  no t 
c o n s is t  o f an a g g re g a tio n  o f  m olecules o f o rd in a ry  m o lecu la r w e ig h t, 
bu t were long  open ch a in  m olecu les o f h igh  m o lecu lar w e ig h t.
As e a r ly  as 1871 H lasiw etz  and Habermann ^  had su g g es ted  th a t  
albumen and d e x tr in  c o n s is te d  o f  long  open ch a in  m o lecu les . . In  1913
(£)Lebedev changed h is  id e a s  and suggested  an open ch a in  s t ru c tu re  
fo r  rubber and p o ly b u tad ien e ;
0 *g»
-GH2 -CH=CH~CH2 -CH2-.CH=CH-GH2-
(9)In  1920 S tau d in g er x 7 p u b lish ed  a paper t h a t  f u l l y  supported  t h i s  
m in o r ity  view* He co n sid e red  th a t  c e r ta in  o f  th e  o rg an ic  su b stan ces  
th e n  c l a s s i f i e d  as b e in g  in  a c o l lo id a l  s ta te ,, were in  f a c t  la rg e  
open ch a in  m olecu les o f  h ig h  m o lecu lar weight* These m olecu les  were 
l a t e r  term ed ,,m acrom olecules,, S tau d in g e r proposed an open
chain  form ula fo r  p o ly s ty re n e ;
-GI^-CH 
Ph J
-CH^CH- 
x  PHPh
polyoxym ethylene;
—G H2 0—"i|i"CH2 *- O' -j—G H2 —0’
and ru b b e r:
CH.
I ^
-CH2 -C=GH-CH2.
CH.
I
-CH2 *-C=GH-GH2*
CH3
—CHo *-C=CH-CH9 -  
x
3h th e  case  o f  th e  polyoxym ethylenes p rep a red  by th e  a c t io n  o f  
v a rio u s  re a g e n ts  on form aldehyde, fo re ig n  groups were found by 
S tau d in g er which cou ld  s a t i s f y  th e  te rm in a l v a le n c ie s  o f  th e  c h a in s ; 
however he f a i l e d  to  i d e n t i f y  any end groups in  th e  long  ch a in  
hydrocarbons* I t  was su g g ested  th a t  i n  such c h a in s , f r e e  r a d ic a l s  
were p re se n t a t  th e  chain  ends which were u n re a c tiv e  due to  th e  s iz e
-  13 -
(9)o f  th e  m olecule In  1935 S tau d in g e r m odified  t h i s  view
and considered  th a t  in  th e  case o f  p o ly s ty re n e  e tc ,  a te rm in a l 
double bond was p re se n t i n  th e  m olecules# These double bonds 
were b e lie v e d  to  be formed by th e  w andering o f  a hydrogen atom from 
one chain  to  an o th er in  th e  fo llo w in g  manner;
m olecu les made up o f  a la rg e  number o f  u n its#  This work in v o lv ed  
X -ray  d i f f r a c t i o n ,  and was a p p lie d  t o  c e l lu lo s e  f ib r e s  and many 
o rg an ic  compounds t h a t  had p re v io u s ly  been co n sid e red  to  be an 
a s s o c ia t io n  o f  m olecu les o f  o rd in a ry  m o lecu lar w eight#
condensa tion  p o ly m e risa tio n , h e lp ed  to  e s ta b l i s h  th e  id e a  o f  long  
open ch a in  m o lecu les made up o f many u n its#
I t  can th e re fo re  be seen th a t  many o rg an ic  compounds t h a t  had 
been co n s id e re d  to  be an a s s o c ia t io n  o f  m olecu les o f  o rd in a ry  
m o lecu lar w eigh t, were long  ch a in  m olecu les made up o f  many u n i t s .
Ph Ph Ph Ph Ph
Ph Ph Ph Ph Ph
(1 2 )Work by S ponsle r and Dore v '  confirm ed th e  concept o f  lo n g  ch a in
The work o f  C aro th ers  0-3)^ p a r t i c u l a r ly  in  th e  f i e l d  o f
-  14 -
Ge n e ra l C la s s i f i c a t io n 
(9)S tau d in g er co n sid e red  th a t  th e  compounds polyoxym ethylene, 
p o ly s ty re n e , and p o ly b u ta d ie n e , were long c h a in  m olecules composed 
of id e n t i c a l  re p e a te d  u n i t s .  These u n i t s  were term ed s t r u c t u r a l  
u n its  or m ers, and th ey  had th e  same m olecu lar form ula as th e  
m olecules from which th e  polym ers were formed ( i . e .  monomers). In  
th e  case o f p o ly s ty ren e  th e  mer i s  re p re se n te d  by;
-CHo-CH-
^ I
Ph
and in  th e  case o f p o ly b u tad ien e  th e  mer i s  re p re se n te d  by;
-c h 2~ch=ch-ch2 -
and in  th e  case  o f polyoxym ethylene th e  mer i s  re p re se n te d  by:
-ch 2 -o~
(13)
G aro thers term ed such polym ers, a d d it io n  polym ers, and
d e sc rib e d  th e  p rocess by which th e y  were formed as a d d i t io n  
p o ly m e risa tio n .
I f  MRn re p re s e n ts  a monomer m olecule t h a t  can combine w ith  two 
o th e r monomer m olecules ( i . e .  a b i f u n c t io n a l  m o lecu le ) , th e  
r e s u l t in g  a d d it io n  polymer would be re p re se n te d  by:
-R-R-R~R~R-
I f  th e  monomer m olecule co u ld  combine w ith  more th a n  two o th e r  
m olecules ( i . e .  a  p o ly fu n c tio n a l m o lecu le ) , th e  r e s u l t in g  a d d i t io n  
polymer would be capab le  o f  lin k a g e  and growth in  more th a n  one
-  15 -
dim ension. In  such cases c ro ss  l in k in g s  and th re e  d im ensional 
networks w i l l  be form ed.
B esides th e  p re v io u s ly  m entioned polym ers, C aro thers  had no ted
th a t  th e re  e x is te d  c e r ta in  long ch a in  o rgan ic  compounds o f  h igh
m olecu lar w eight th a t  a ls o  p o ssessed  i d e n t i c a l  re p e a te d  u n i t s ,  b u t
the  m olecu lar form ula of th e se  u n i t s  d i f f e r e d  from th a t  of th e
monomers from which th ey  were form ed. Such compounds had been
p repared  from e th y len e  g ly c o l  by Lourenco in  i8 6 0 , C aro thers
(13)c o n sid e red  th a t  th e se  compounds cou ld  a ls o  be term ed polymers ,
and th a t  th e  d if fe re n c e  between the  m o lecu lar form ula o f th e  
s t r u c tu r a l  u n i t s ,  and th e  monomer m olecules from which th ey  were 
formed, a ro se  from th e  co n d en sa tio n  r e a c t io n  between th e  monomer 
m o lecu les, as a r e s u l t  o f which sim ple m olecu les such as w ater were 
e lim in a te d . These co n d en sa tio n  polymers were p rep a red  by a p ro cess  
known as co n d en sa tio n  p o ly m e risa tio n , which co u ld  le a d  to  a  l i n e a r  
or a  th re e  d im ensional netw ork depending upon th e  f u n c t io n a l i ty  o f 
the  monomer m olecu les.
Since 1929 i t  has become n e ce ssa ry  to  modify C a ro th e r ’s 
d i s t in c t io n  between a d d i t io n  and co n d en sa tio n  polym ers. This 
d i s t in c t io n  was based  upon th e  com position  r e la t io n s h ip  between th e  
monomer and th e  s t r u c t u r a l  u n i t s .  A p re fe ra b le  d i s t in c t io n  was 
suggested  by F lo ry  which was based  upon th e  manner by which th e  
polymer was formed. A dd ition  p o ly m e risa tio n  was c o n s id e red  to  a r i s e
-  16 -
from a ch a in  r e a c t io n  in v o lv in g  an a c tiv e  c e n tr e ;  w h ils t  
condensation  p o ly m erisa tio n  o ccu rred  th ro u g h  a s tepw ise  
in te rm o le c u la r  reac tio n *
A f u r th e r  type  o f polymer i s  t h a t  o b ta in ed  from a p o ly m e risa tio n  
th a t  in v o lv es  more th an  one monomer. The r e s u l t a n t  polymer would 
c o n s is t  o f two o r more ty p e s  o f  s t r u c t u r a l  u n i t s ,  and i s  term ed a 
copolymer.
-  17 -
ADDITION POLYMERISATION OF UNSATURATED MONOMERS 
In tro d u c tio n
I f  the  a d d it io n  p o ly m e risa tio n  o f u n s a tu ra te d  monomers such as v in y l
compounds occurs th rough  a ch a in  r e a c t io n ,  th en  i t  must be assumed
th a t  by some p rocess a monomer m olecule becomes so a c t iv a te d  th a t  n o t
only can i t  combine w ith  a n o th e r monomer m olecu le , b u t t h a t  th e
r e s u l ta n t  m olecule w i l l  s t i l l  be a c t i v e „ This m olecule w i l l  a g a in  be
ab le  to  r e a c t  w ith  an o th er monomer m olecu le , and th e  p ro cess  w i l l  be
ab le  to  co n tin u e  u n t i l  th e  grow th o f th e  polymer ch a in  ceases  due to
d eac tiv a tio n ,, I t  can th e re fo re  be seen th a t  in  such a ch a in  re a c t io n
many m olecules w i l l  r e a c t  fo llo w in g  a s in g le  in s ta n c e  of a c t i v a t io n ,
and th a t  i f  th e  r e l a t i v e l y  few a c tiv e  c e n tre s  in  the  system  become
d e a c tiv a te d , many m olecules w i l l  be p rev en ted  from p o ly m eris in g .
These two f a c to r s ,  c h a r a c te r i s t i c  o f  a  ch a in  mechanism, have been
confirm ed in  p h o to a c tiv a te d  p o ly m e risa tio n , and in  th e  use  of
in h ib i to r s .  Quantum y ie ld s  ( i . e .  th e  number o f monomer m olecu les
th a t  a re  po lym erised  p er quantum of l i g h t  abso rbed ) of an o rd e r o f 
3
10 and g re a te r  have been o b ta in ed  in  p h o to a c tiv a te d  p o ly m e risa tio n  
, and, Jeu  and Alyea have shown t h a t  one m olecule of an
in h ib i to r  can p re v e n t many m olecules o f a monomer from p o ly m eris in g . 
A nalysis  of' a  p o lym erising  m ix ture  o f  an u n s a tu ra te d  monomer and 
polymer (a d d it io n  p o ly m e risa tio n )  has been shown t o  c o n s is t  o f h ig h
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m olecular w eight polymer and unchanged monomer, w ith  v i r t u a l l y  no
(17)
c o n s ti tu e n ts  a t  in te rm e d ia te  s ta g e s  o f grow th 3 f u r th e r ,
polymer m olecules formed a t  th e  beg inn ing  o f p o ly m erisa tio n  a re
found to  be o f a  comparable w eight to  th o se  formed much l a t e r .
These f a c ts  in d ic a te  t h a t  in  th e  chain  r e a c t io n  th e  a c tiv e  c e n tre
is  m ainly r e ta in e d  by the  growing c h a in , which may ach ieve  a
6 7
m olecular w eight o f the  o rd e r o f 10 o r 10 in  a few seconds, and 
i s  no t g e n e ra lly  t r a n s f e r r e d  to  o th e r  monomer m olecu les.
The ch a in  r e a c t io n ,  whereby a d d it io n  p o ly m e risa tio n  o ccu rs , can 
be co n sid e red  to  ta k e  p lace  i n  th re e  s ta g e s ;
I n i t i a t i o n
I n i t i a t i o n  in v o lv es  th e  p ro d u c tio n  o f an a c t iv a te d  monomer 
m olecu le .
P ro p ag a tio n
P ro p ag a tio n  in v o lv es  th e  grow th o f th e  polymer ch a in  from th e  
a c t iv a te d  monomer m olecu le .
Te rm in a tio n
T erm ination  in v o lv es  th e  d e a c tiv a t io n  o f th e  growing polymer 
ch a in .
An a c t iv a te d  monomer may be formed by th e  d i r e c t  a c t io n  o f h e a t 
or l ig h t  on a monomer; o r by th e  r e a c t io n  between a norm al monomer
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molecule and a f r e e  r a d ic a l ,  d e riv e d  from a substance  known as a 
f re e  r a d ic a l  i n i t i a t o r .  In  bo th  cases th e  form of th e  a c t iv a te d  
monomer w i l l  be a  f r e e  r a d i c a l ,  b u t in  th e  form er case th e  a c t iv a te d  
f re e  r a d ic a l  (a  d i r a d ic a l )  w i l l  be made up from only th e  monomer, 
w h ils t  in  th e  l a t t e r  case  th e  a c t iv a te d  f re e  r a d i c a l  w i l l  be 
composed o f monomer, and f r e e  r a d ic a l  d e riv e d  from th e  i n i t i a t o r .
The use o f a  f re e  r a d i c a l  i n i t i a t o r  i s  th e  most common means 
employed fo r  th e  p o ly m e risa tio n  o f compounds c o n ta in in g  a v in y l  group. 
Ion ic  i n i t i a t o r s  can a ls o  be u sed , b u t in  such c ircu m stan ces  th e  
a c t iv a te d  e n t i ty  i s  in  th e  form of a  c a tio n  o r an io n .
The f re e  r a d ic a l  i n i t i a t i o n  of a compound c o n ta in in g  a v in y l  
group ( e .g .  CH2=CHX) can be re p re se n te d  by th e  fo llo w in g  mechanism;
CH2=CH—» R-CH2 -CH‘
X X
where,
UR-U re p re s e n ts  th e  f re e  r a d ic a l .
(17)This i n i t i a t i o n  can be fo llow ed  by p ro p ag a tio n
CH2=CH ch2=ch
X X
r- ch2- ch r - c h 2 -ch -ch 2~ch e tc .
X X X
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Term ination o f such a polymer ch a in  can be ach ieved  by d e a c t iv a t io n .
As has been p re v io u s ly  s t a t e d ,  and can be seen from th e  
p o s tu la te d  mechanism, an a d d i t io n  polymer produced by a f r e e  
r a d ic a l  i n i t i a t o r  w i l l  c o n ta in  an i n i t i a t o r  fragm ent wRn . Such end 
group fragm ents could  no t be d e te c te d  in  th e  e a r ly  p a r t  of the  
tw e n tie th  c e n tu ry , b u t w ith  th e  development o f  a n a ly t i c a l  te ch n iq u es  
th e se  fragm ents have now been no ted
-  21 -
Free R ad ica l I n i t i a t o r s
The two most commonly used f r e e  r a d ic a l  i n i t i a t o r s  a re  benzoyl 
peroxide and ©(oc’- a z o is o b u ty r o n i t r i l e .  Both th e se  compounds slow ly  
decompose a t  50- 100° to  r e le a s e  f r e e  r a d ic a l s .
Benzoyl peroxide
The main p ro d u c ts  o b ta in ed  from th e  th e rm a l decom position o f benzoyl
peroxide a re  carbon d io x id e  and d ip h en y l. However, i f  a  scavenger
( i . e .  a substance  t h a t  can combine w ith , and d e a c tiv a te  a f r e e
r a d ic a l )  i s  p re se n t, ' th e  l ib e r a t io n  of carbon d io x id e  i s  com pletely  
(19)suppressed  ' 7 * This su g g es ts  t h a t  th e  th e rm a l decom position  o f 
benzoyl peroxide occurs in  two s ta g e s ,  th e  f i r s t  of which does n o t 
involve th e  l ib e r a t io n  of carbon d iox ide  b u t i s  b e lie v e d  to  y ie ld  
benzoate r a d ic a l s :
0 0 0
I! II II
Ph-C-0-0-C -Ph— » 2 Ph-C-0.
These r a d ic a ls  a re  s ta b le  fo r  a long enough tim e t o  r e a c t  w ith  a
scavenger, bu t i f  no su b stan ces  a re  p re s e n t o th e r  th a n  the  benzoyl
p e ro x id e , th e  benzoate  r a d ic a ls  a re  c o n s id e red  to  decompose in to
phenyl r a d ic a ls  and carbon d io x id e :
0
II
Ph-C-0 > Ph- + C0£
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D eac tiv a tio n  o f  th e  f r e e  r a d ic a ls  can occur by c o l l i s io n s  amongst 
them selves, le ad in g  to  v a rio u s  decom position p ro d u c ts .
On the  th erm al decom position  of benzoyl perox ide  in  a v in y l  
monomer, i t  can be co n sid e red  t h a t  owing to  th e  r e s t r i c t i o n s  on the  
motion of m olecules in  th e  l iq u id  s t a t e ,  the  members o f each p a ir  
of benzoate r a d ic a ls  formed b y -d is s o c ia t io n  w i l l  rem ain n ea r to  each 
o th er ( i . e .  in  “ cages” )• W h ils t n e a r to  each o th e r  th e  benzoate  
r a d ic a ls  w i l l  recombine and d is s o c ia te  many tim e s . E v en tu a lly  each 
member of a p a ir  o f benzoate r a d ic a ls  w i l l  d if fu s e  away from i t s  
p a r tn e r  ( i . e . - o u t  o f th e  “ cage” ), and w h ils t  some w i l l  come 
to g e th e r  a g a in , o th e r  benzoate  r a d ic a ls  w i l l  be cap tu red  by monomer 
m olecules and i n i t i a t e  p o ly m e risa tio n . The benzoate  r a d ic a ls  a re  
r e l a t iv e ly  s ta b le  over t h i s  p e rio d  of tim e and v e ry  few d is s o c ia te  
to  give carbon d io x id e  and p h e ry l r a d ic a l s .  This has been confirm ed 
by an a n a ly s is  of p o ly s ty re n e  i n i t i a t e d  by benzoyl p e ro x id e , when 
96% o f th e  end groups were found to  be benzoate  In  s o lu t io n  -
p o ly m erisa tio n  th e  tim e ta k en  fo r  a benzoate  r a d ic a l  to  c o n ta c t  a 
monomer m olecule w i l l  in c re a se  as th e  c o n c e n tra tio n  of th e  monomer 
in  s o lu tio n  d e c re a se s3 t h i s  in c re a se  in  tim e w i l l  pe rm it a  g r e a te r  
ex ten t o f decom position o f th e  benzoate r a d i c a l s ,  g iv in g  a h ig h e r 
percen tage  o f polymer ch a in s  i n i t i a t e d  by phenyl r a d ic a l s .  B evington 
and Brooks have shown t h i s  to  be th e  case ; under t h e i r
c o n d itio n s , polym ers were o b ta in ed  in  which on ly  BO% o f  th e  end
groups were benzoate .
The p re v io u s ly  d e sc r ib e d  scheme fo r  th e  decom position  o f benzoyl
perox ide , in  th e  p resence  o f a  monomer, can be d ia g ra n n a t ic a l ly
expressed  in  the  fo llo w in g  manner;
(PhC00)2 = ^  ( 2 PhCOO PhCOO— >Ph* + C02
+
PhCOO*
where,
[ J in d ic a te s  su b stan ces  w ith in  a “ cage” .
Benzoyl perox ide i s  s u s c e p tib le  to  induced decom position by f r e e  
( 21 )ra d ic a ls  . Such induced decom position  would be very  l im ite d  so 
long as th e  c o n c e n tra tio n  o f th e  perox ide  was low.
(Xod ~azo is obuty r  on i t  r  i  le  
(2 2 )Bevington c o n s id e rs  t h a t  th e  prim ary  th e rm a l decom position  o f
c ta * -a z o iso b u ty ro n itr ile  i s  re p re se n te d  by;
GN GN CN CN
i i i i
CHo-C-H=H-G-CHt —* C H o-C -N =H * +  - C -C H ,
3 | I 3 3 I I 3
CH3 ch3 gh3 ch3
but s in ce  th e  azo r a d ic a l  i s  f a r  le s s  s ta b le  th an  th e  benzoate  
r a d ic a l ,  i t  im m ediately decomposes in  th e  fo llo w in g  manner;
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Thus th e  cy an iso p ro p y l r a d ic a l s  formed by th e  d is s o c ia t io n  o f
o io ^ -a z o iso b u ty ro n itr lie  .cannot recombine in  th e  ncage,! to  reform
(X o O -azo iso b u ty ro n itrile , b u t th ey  can r e a c t  to  y ie ld  te tr a m e th y l-
s u c c in o d in i t r i l e ,  to g e th e r  w ith  some i s o b u ty r o n i t r i l e  and
(23)2 ,3 ,5 -tr ic y a n o -2 ,3 ,5 - - tr im e th y lh e x a n e  ' ,  F u r th e r , s in ce  th e  
cy an isop ropy l r a d ic a l  can e x is t  i n  two form s;
CHo
I ^
.C~C=N and
GHq
I
C=C=N»
CE3 CH3
of which th e  l a t t e r  form i s  only p re se n t to  a  sm all e x te n t ,  an 
un stab le  in te rm e d ia te , dime th y l-N -(2 ~ cy an o -2 -p ro p y l)-k e ten im in e  can
, n ,  (2Z.) (2 5 )be formed , However, t h i s  u n s ta b le  in te rm e d ia te  r e a d i ly
decomposes to  y ie ld  cy an iso p ro p y l r a d ic a l s  a t  a r a t e  com parable to  
th a t  o f c x o d -a zo iso b u ty ro n itr ile
A s im ila r  scheme to  t h a t  o f benzoyl perox ide  can be drawn up to  
i l l u s t r a t e  th e  the rm al decom position  o f  o ft* '-a z o iso b u ty ro n itr ile  
(ABIBN) in  th e  p resence  o f a monomer.
Nr
ABIBN— * [2  (CH3 )2C(CN).]
(ch3 )2c (c n ).
+
(ch3 )2c (c n )
' Products o f  com bination , 
_d is p ro p o r t io n a tio n , e t c .
P roducts
((c h 3 )2c(cn )-n= c= 0 (ch3 )2 )
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Where,
(GH^^CKCN) • rep resen ts free  r a d ic a ls  of e ith e r  o f  the  
previously s ta te d  forms.
Unlike benzoyl peroxide, (Xrt’-a z o iso b u ty r o n itr ile  i s  not 
su scep tib le  to  induced decom position by free  r a d ic a ls .
-  26 -
Term ination of f r e e  r a d ic a l  i n i t i a t e d  polymer chains
There a re  two main p rocedures by which an a c t iv e  polymer ch a in  may
be d e a c tiv a te d |
Combination
In com bination th e  d e a c tiv a t io n  i s  produced by a com bination 
of two a c tiv e  polymer ch a in s  a t  t h e i r  a c t iv e  c e n tre s?
R - -CH2 -CH- «CH-CH2~ ........... -R —> R ~..„ .  .-CH2 -CH-CH-CH2-  -R
X X X X
D isp ro p o rtio n a tio n
In  d is p ro p o r t io n a tio n  th e  d e a c tiv a t io n  i s  produced by th e  
t r a n s f e r  of a hydrogen atom from one ch a in  to  a n o th e r , y ie ld in g  
a s a tu r a te d  and u n s a tu ra te d  m olecu le;
R- -CH2 -CH» ’CH~CH2- „ , . .  , - R — > R - . . , .  .-CH=CH CH2 -CH2-  ~R
X X ' X X
i
D eac tiv a tio n  o f a  growing polymer ch a in  may a ls o  occur as a r e s u l t
o f the  a d d it io n  of an i n i t i a t o r  r a d ic a l  or an im p u rity  a t  th e  a c t iv e
cen tre  of th e  c h a in . Such e n t i t i e s  a re  u s u a lly  p re se n t only  in  low
c o n c e n tra tio n , whence such means of te rm in a tio n  a re  r a r e .
I t  can be seen t h a t  te rm in a tio n  by com bination  w i l l  y ie ld  a
polymer m olecule w ith  two i n i t i a t o r  fragm ents nR,!, w h ils t
te rm in a tio n  by d is p ro p o r t io n a tio n  y ie ld s  polym er m o lecu les, each of
which c o n ta in  only one i n i t i a t o r  fragm ent ttRH „
(27)Bevington and co-w orkers , have s tu d ie d  th e  p o ly m e risa tio n  o f
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sty rene  and m ethyl m e th ac ry la te  a t  25° -and, 60° , u sing  
o u * * -azo iso b u ty ro n itrile  as an in i t i a to r , ,  They found th a t  fo r  
po lysty rene  th e  average number o f  i n i t i a t o r  fragm ents per polymer 
molecule was c lo se  to  two a t  e i th e r  te m p e ra tu re . This su g g es ts  
th a t  in  such a system  d is p ro p o r t io n a tio n  i s  of n e g l ig ib le  im portance . 
With m ethyl m e th a c ry la te , th e  average number o f i n i t i a t o r  fragm ents 
per polymer m olecule was found to  l i e  betw een 1 .1 9  and 1 .0 8 , 
depending on th e  te m p e ra tu re . In  th i s  case  d is p ro p o r t io n a tio n  is  
of major im portance , and a t  th e  h ig h e r tem p era tu re  com bination occurs 
to  a n e g l ig ib le  e x te n t .
A k in e tic  scheme for free  ra d ica l polym erisation  
In it ia t io n
Chain i n i t i a t i o n  may be co n sid e red  to  occur in  two s ta g e s :
(a) Thermal decom position o f  th e  f r e e  r a d ic a l  i n i t i a t o r  to  y ie ld  
' a p a ir  o f p rim ary  f r e e  r a d i c a l s ; .
e .g .  (PhC00)2 —» 2 PhCOO
I — > 2 R« ( r a t e  c o n s ta n t = k^)
(b) A ddition  o f a monomer m olecule to  each o f th e  prim ary 
r a d ic a ls ;
e .g .  PhCOO* + CH9=CH— > PhCOO-CHo-CHo
* I * I
X X
R* + . M— >M-jy ( r a te  c o n s ta n t = ka )
P ropagation
Chain p ro p ag a tio n  i s  ach ieved  by th e  re c u r r in g  a d d it io n  o f 
monomer m olecu les to  th e  a c t iv e  c e n tre  o f  th e  c h a in ; 
e .g .
PhC00-CH2-CHo + ' CH^CH—> PhCOO-C^-CH-CH^CH. —* e t c .
X X X X .
.+ M—> ( r a t e  c o n s ta n t -  kp)
-  29 -
I t  i s  assumed th a t  th e  r a te  o f p ro p ag a tio n  i s  independen t 
o f  tho  le n g th  o f  th e  c h a in .
Term ination
A b im o lecu la r r e a c t io n  between a p a ir  o f  chain  r a d ic a l s  accoun ts  
fo r  th e  a n n ih i la t io n  o f  th e  a c t iv e  c e n tr e s .  This r e a c t io n  may 
occur in  two ways:
(a) Combination
e .g .  ' + •CH-CHo-—> -CHo-CH-CH-CHo-
I I I I
X x X X
Mx+y ( r a te  c o n s ta n t = kj-0 ) (4 )
(b) D isp ro p o rtio n a tio n
e .g .  -CHg-CH- + «CH-CH2--- > ~CH=CH +
X X X X
Mx* + My»— > Mx + ( r a te  c o n s ta n t ~ k ^ j)  (5 )
When i t  i s  n o t n e c e ssa ry  to  s p e c ify  w hether te rm in a tio n  i s  by 
com bination or d is p ro p o r t io n a tio n , th e  r a t e  co n sta n t o f th e  
b im o lecu lar r e a c t io n  w i l l  be re p re se n te d  by "k^.".
From eq u atio n  ( l ) ,
The r a te  o f decom position  o f i n i t i a t o r  m olecu les i s  g iven  by,
Rd ~ “ d [I] l = k& [I] (6 )
. d t ,
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where,
r i ]  i s  th e  c o n c e n tra tio n  o f i n i t i a t o r  m olecu les in  th e
system.
Note th a t  in  th e  g iven  scheme, "k^Cl]'! m olecu les o f  i n i t i a t o r
w i l l  y ie ld  M2k^ [l] 'f  f r e e  r a d ic a l s .
From eq u atio n  (2 ),
The r a te  o f a d d it io n  o f f r e e  r a d ic a l s  to  a monomer m olecule w i l l  
be re p re se n te d  by,
= ka [R-] [M] (7)
i
where,
[M»] re p re s e n ts  th e  c o n c e n tra tio n  o f  a c t iv e  ch a in  
ra d ic a ls  in  th e  system .
The f r a c t io n  o f  f r e e  r a d ic a l s  su c c e s s fu l in  i n i t i a t i n g  chain
growth i s  g iven  by " f " ,  where
' f  = % '  = ka [R-l [M] ' (3)
2Rd 2kd t l l
S u b s ti tu t in g  e q u a tio n  (7) in to  e q u a tio n  (8 ),
Rd = 2 . f , k d . t l ]  (9 )
From eq u a tio n s  (4) o r  ($),
The r a te  of-, d isap p earan ce  o f  " l iv e "  polymer m olecu les w i l l  be 
expressed  by;
Ri d[M.
d t
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Rt  = -a  [M-]
d t _
= 2 .k t . [M"] ( 10 )
Under normal circum stances the concentration  o f  chain ra d ica ls  
in  a system assumes a value such th a t the ra te  o f disappearance o f  
active  ra d ic a ls  by term ination  equals the ra te  at which th ey  are 
created. In t h i s  steady s ta te ,
Rt -  Ri
and th erefore from equations (9) and (10),
f .  k *  L iU
R = k • 
P P
’f„k d
( n )
From eq u atio n  (3 ) , th e  r a t e  o f p ro p ag a tio n  o f  th e  a c t iv e  ch a in s  i s .
Ep = kp [M>]'[M] (12)
S u b s ti tu tin g  eq u a tio n  (11) in to  (12),
(13)
Since th e  number o f monomer m olecu les r e a c t in g  acco rd in g  to  
equation  (2 ) i s  very  sm all compared to  th o se  re a c t in g  acco rd ing  to  
equation  (3 ), p ro v id in g  th e  chain  le n g th  i s  n o t sm all, th e  r a t e  o f 
propagation  may be i d e n t i f i e d  w ith  th e  r a t e  o f  p o ly m e risa tio n .
Thus th e  ex p re ss io n  (13) p re d ic ts  th a t  fo r  a g iven  m o n o m e r-in itia to r  
system a t  a g iven  te m p e ra tu re , th e  r a t e  o f  p o ly m e risa tio n  w i l l  be 
p ro p o r tio n a l to  th e  square  ro o t o f th e  i n i t i a t o r  c o n c e n tra tio n  and 
the f i r s t  power o f  th e  monomer co n cen tra tio n #  Johnson and
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(23)Tobolsky have found th a t  th e  r e la t io n s h ip  between th e  i n i t i a t o r
c o n ce n tra tio n  and th e  r a t e  o f  p o ly m e risa tio n  of s ty re n e  u s in g  
benzoyl perox ide  o r oca’ - a z o is o b u ty r o n i t r i le ,  i s  t h a t  p re d ic te d .
The p ro p o rtio n a lity  i s  a lso  present when methyl m ethacrylate i s  
polym erised (30)^ sy s^ems in i t ia t io n  i s  by a
f i r s t  order decom position, end term ination  i s  by a second order 
rea ctio n .
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K inetic  ch a in  le n g th  and the- num ber-average degree o f p o ly m e risa tio n  
The k in e t ic  ch a in  le n g th  uvu re p re s e n ts  th e  average number o f monomer 
m olecules t h a t  have r e a c te d  w ith  a g iven  a c t iv e  c e n tre  from i t s  
i n i t i a t i o n  to  when i t  i s  d e a c tiv a te d . T herefo re  under s tea d y  s t a t e  
co n d itio n s  :
v  = R = R (as R. = R, )
_ Z  JL  i t
Ri Rt
From e q u a tio n s  (10) and (1 2 );
v  = R = k [M] ( U )
P P
Rt  . 2kt [> ]
E lim in a tin g  M* from e q u a tio n  (14) by using  e q u a tio n  (1 2 );
V = kp [M]
2k, R t  p
E xpression  (15) w i l l  be t r u e  f o r  any in itia to r-m o n o m er system  whore 
p ropaga tion  and te rm in a tio n  p ro cesses  a re  o f th e  second o rd e r .
The num ber-average degree of p o ly m e risa tio n  ex p ressed  by 
re p re se n ts  th e  average number of s t r u c t u r a l  u n i t s  in  a  polymer 
m olecule. I f  th e  te rm in a tio n  p rocess i s  by com bination :
xn = 2v
I f  te rm in a tio n  i s  by d is p ro p o r t io n a tio n :
xn = v
I f  the te rm in a tio n  in v o lv es  b o th  d is p ro p o r t io n a tio n  and com bination , 
the average degree o f p o ly m e risa tio n  w i l l  s t i l l  be p ro p o r t io n a l  to
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the k in e t ic  c h a in  le n g th , b u t th e  p ro p o r t io n a l i ty  c o n s ta n t w i l l  l i e  
between u n ity  and two.
T herefore  from e x p re ss io n  (1 5 ) , fo r  a  g iven  m o n o m er-in itia to r 
system a t  a g iven  te m p e ra tu re |
2
v J H '
. Rp
and apply ing  the  r e la t io n s h ip
2
_  Cm]
R
P
I f  no o th e r  r e a c t io n s  occur th a n  th o se  so f a r  p o s tu la te d ,  th e  
num ber-average degree of p o ly m e risa tio n  shou ld  be in v e rs e ly  
p ro p o r tio n a l t o  th e  r a t e  o f p o ly m e risa tio n , a t  a g iven  tem p era tu re  
and monomer c o n c e n tra tio n  in  a system,, This p ro p o r t io n a l i ty  can be 
i l l u s t r a t e d  by th e  fo llo w in g  graph ( i ) j
1
■n
R,
GRAPH ( i )
where each p o in t on th e  graph re p re s e n ts  a p a r t i c u la r  i n i t i a t o r  
c o n ce n tra tio n .
(27) (3 1 )I t  has been found th a t  w ith  m ethyl m e th acry la te  and
( 2 8 )sty rene  po lym erised  w ith  o W -a z o is o b u ty ro n it r i le  or benzoyl
( 16)
( I V)
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perox ide , th e  fo llo w in g  type o f graphs a re  o b ta in ed :
x,•n
1
x,•n
R,
GRAPH ( i i )  GRAPH ( i i i )
Graph ( i i )  re p re s e n ts  th e  p o ly m e risa tio n  o f m ethyl m e th ac ry la te  or 
s ty rene  u sin g  ocex’- a z o is o b u ty r o n i t r i l e ,  and th e  p o ly m e risa tio n  o f 
methyl m e th acry la te  u s in g  benzoyl p e ro x id e , Graph ( i i i )  re p re s e n ts  
the p o ly m erisa tio n  of s ty re n e  u sin g  benzoyl p e ro x id e .
In th e  system  re p re se n te d  by graph ( i i ) ,  th e  average degree of 
po ly m erisa tio n  i s  in v e rs e ly  p ro p o r t io n a l  to  th e  r a t e  of p o ly m e risa tio n  
, but on e x tra p o la t in g  th e  graph to  a zero  r a t e  o f p o ly m e risa tio n  
a f i n i t e  va lue  of lll / x n'! i s  o b ta in ed . This su g g es ts  th a t  th e re  must 
be a m olecule form ing p ro cess  which has n o t y e t  been accounted  f o r ,  
and which i s  independent o f th e  r a t e  of p o ly m e risa tio n .
With benzoyl perox ide  as th e  i n i t i a t o r  in  th e  p o ly m e risa tio n  o f 
s ty ren e , graph ( i i i ) ,  n o t on ly  does th e  p re v io u s ly  unaccounted 
fo r re a c t io n  occu r, b u t th e  average degree of p o ly m erisa tio n  i s  only 
in v e rse ly  p ro p o r t io n a l  t o  th e  r a te  a t  low i n i t i a t o r  c o n c e n tra tio n s .
As th is  c o n c e n tra tio n  in c re a se s  th e  p ro p o r t io n a l i ty  no lo n g e r e x i s t s  
and " W  becomes g r e a te r  th a n  ex p ec ted . This d e v ia t io n  a ls o  
in d ic a te s  th a t  th e  number o f polymer m olecules t h a t  a re  p re s e n t  in
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the system i s  g r e a te r  th a n  t h a t  p re d ic te d  by th e  p re v io u s ly  
d escribed  k in e t ic  scheme.
In  o rd er to  account f o r  th e se  d e v ia t io n s , which may be more 
marked in  s o lu t io n  p o ly m e risa tio n , i t  has become n ecessa ry  to  
p o s tu la te  ch a in  t r a n s f e r  mechanisms.
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Chain T ran sfe r
I t  is  now co n sid e red  th a t  a c t iv e  polymer ch a in s  can o c c a s io n a lly  
t r a n s fe r  t h e i r  a c t i v i t y  to  monomer* so lven t*  dead polymer* an d /o r 
i n i t i a t o r  m olecules.- The polymer chains become d eac tiv a ted *  and 
the monomer, s o lv e n t ,  dead polymer a n d /o r i n i t i a t o r  m olecules become 
a c tiv a te d . From th e se  a c t iv e  m olecules ch a in  p ro p ag a tio n  can occu r. 
The n e t e f f e c t  of th e se  c h a in  t r a n s f e r  r e a c t io n s  i s  th a t  more polymer 
molecules w i l l  be formed in  th e  system  th an  i f  i n i t i a t i o n  was only 
dependent upon th e  prim ary  f re e  r a d ic a ls  d e riv e d  from th e  i n i t i a t o r .
The r a te  of p ro p ag a tio n  from th e  a c t iv a te d  monomer* s o lv e n t , 
dead polymer an d /o r i n i t i a t o r  m olecules i s  s u b s ta n t ia l ly  the  same as 
th a t fo r  th e  f re e  r a d ic a l s  d e riv e d  from th e  i n i t i a t o r  f r e e  ra d ic a ls*  
and thus th e  r a t e  of p o ly m e risa tio n  does n o t d e v ia te  from th a t  of 
the d esc rib ed  sim ple k in e t ic  scheme, a lth o u g h  th e  average degree of 
po lym erisa tion  w i l l  be d i f f e r e n t  from th a t  ex p ec ted .
Monomer t r a n s f e r
A polymer ch a in  may become d e a c tiv a te d  by th e  t r a n s f e r  o f a 
hydrogen atom to  a  monomer molecule* which becomes a c t iv a te d ;
-CH2~CH* + GH2=CH > -CH=CH + CH^-CH*
X X X X
I n i t i a t o r  t r a n s f e r
A polymer chain  may become d e a c tiv a te d  in  th e  fo llo w in g  manner;
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-GH2 ~CH- + (EhC00)2 -— » -CH^CH-O-COPh- + PhCOO*
X X
Such a t r a n s f e r  .does n o t occur w ith  (X o d -azo iso b u ty ro n itrile  „ 
Polymer t r a n s f e r
A polymer ch a in  may be d e a c tiv a te d  by th e  a c q u is i t io n  o f  a 
hydrogen atom from a p re v io u s ly  d e a c tiv a te d  polym er, which in
tu rn  w i l l  be a c t iv a te d  ag a in  in  the  fo llo w in g  manner;
I I
CE. CIl.| d. j ^
+ H-C-X — -CH2 -GH2 + .C-X 
X CH9 X CHoi 1 j
This type o f  t r a n s f e r  le ad s  to  branch ing  o f th e  polymer 
m olecule, bu t does n o t e f f e c t  any n e t  in c re a se  in  th e  number o f  
polymer m olecules in  th e  system .
Solvent t r a n s f e r
D e ac tiv a tio n  o f a polymer ch a in  by a so lv e n t m olecule may 
involve th e  t r a n s f e r  o f a hydrogen atom from th e  so lv e n t m olecule 
in  th e  fo llow ing  way:
-CH^-CH* + SH > -CH2-CH2 + S*
X X
The f i n i t e  va lue  o f ' ' l / x ^ ’ in  graphs ( i i )  and ( i i i )  a r i s e s  from 
chain t r a n s f e r  to  th e  monomer o r so lv en t ( i f  i t  i s  p r e s e n t ) | such a 
reac tio n  w i l l  be independent o f th e  r a t e  o f  p o ly m e risa tio n  i f  i t  only
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occurs to  a sm all e x te n t .
The l in e a r  p o r t io n  o f th e  graphs ( i i )  and ( i i i )  r e p re s e n t  th e  
te rm in a tio n  o f a c t iv e  polymer m olecules by d is p ro p o r t io n a tio n  an d /o r 
com bination. D ev ia tions from th i s  l i n e a r i t y  a r i s e  from chain  
t r a n s fe r  to  i n i t i a t o r  m olecu les.
In  graph ( i i )  th e  sm all in te r c e p t  in d ic a te s  t h a t  t r a n s f e r  to  
so lven t an d /o r monomer m olecules i s  n e g l ig ib le ,  w h ils t  no t r a n s f e r  
to  i n i t i a t o r  m olecules i s  found. This i s  expected  as ococ'-azoiso- 
b u ty ro n i t r i le  i s  no t s u s c e p tib le  to  induced decom position  by f r e e  
r a d ic a ls .
- The d e v ia t io n  of g raph  ( i i i )  from l i n e a r i t y  in d ic a te s  th e  
s u s c e p t ib i l i ty  o f  benzoyl perox ide  to  decom position  by f re e  r a d ic a l s ;  
however chain  t r a n s f e r  to  i n i t i a t o r  i s  no t marked a t  th e  sm all 
co n cen tra tio n s  of i n i t i a t o r  u s u a lly  used .
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R. + CHp=CH
I
X
C h a in -s tru c tu re  o f  a d d it io n  polym ers d e riv ed  from v in y l  monomers 
A mono v in y l monomer may be re p re se n te d  by;
CH2=CH
X
where,
MXM could  be a phenyl o r a c e ta te  group, o r a ha logen  atom.
The a c t iv a t io n  o f such a monomer cou ld  occur in  two ways;
►R-Ct^-CH. (IS )
X
>R-CH-CH2 » (19)
I
X
where,
nR«" re p re s e n ts  th e  f r e e  r a d ic a l .
The r e l a t i v e  r a t e s  o f  th e se  two a l te r n a t iv e  means o f . a c t iv a t io n  
W ill m ainly depend upon th e  r e l a t i v e  s t a b i l i t y  o f  th e  f r e e  r a d ic a ls  
th a t  a re  produced. The f r e e  r a d ic a l  (18) can be s t a b i l i z e d  by 
resonance in v o lv in g  th e  s u b s t i tu e n t  "XM and th e  odd e le c t ro n ,  bu t 
s ta b i l i z a t io n  by t h i s  form  o f  resonance  i s  n o t p o s s ib le  w ith  
s tru c tu re  (19).
The e x te n t o f th e  s t a b i l i t y  o f s t r u c tu r e  (18) w i l l  depend upon 
th e  c ap a c ity  o f  th e  s u b s t i tu e n t  MXn fo r  reso n an ce . I f  MX” 
re p re se n ts  a phenyl group such s t a b i l i z a t i o n  by resonance w i l l  be 
la rg e , and th e  a d d i t io n a l  resonance  forms th a t  cannot occur w ith  
s tru c tu re  (19) can be re p re se n te d  by;
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E-C H o-C H - R -C H o-C H  Rr-CHo-CH R -C H o-C H
| || II I!
■ 0  '■
la  such a case s t r u c tu r e  (18) w i l l  be formed to  th e  v i r t u a l  
exclusion  o f  s t r u c tu r e  (19).
S te r ic  f a c to r s  w i l l  a lso  favour th e  fo rm atio n  o f s t ru c tu re  (18 ).
P ropagation  in v o lv in g  s t r u c tu r e s  (18 ,19) may occur in  th r e e  ways:
f,Hoad to  T a i l 1’
R~CH2-GH-CH2-CH~CH2-CH-C H2-CH-CH2-C H- (20)
X X X X X
or
r -ch- ch2-.oh- gh2-.ch- ch2- ch- gh2- ch- ch2-  (21)
X X X X X
"Head to  Head" fo llow ed  by '‘T a i l  to  T a il"
R-CHo-CH-CH-CHo-CHo-CH-CH-GHo-CHo-GH-<# | . £4 » -» A* j
I I  1 I *
X X  X X  X
or
R-CH-CHo ~GHo -CH-CH-GHp -CH- -CH-GH-GHo -  
j & I | I I
X X X  X X
A th i r d  p o s s i b i l i t y  i s  a random a d d itio n  which may produce:
X X X  X X
Of a l l  th e se  th e  most l i k e l y  s tru c tu re *  on th e  b ap is  of s t a b i l i t y  
due to  resonance and s t e r i c  fa c to rs*  i s  th e  "Head t o  T a il"  
s tru c tu re  (20 ) •
The s t a b i l i z a t i o n  by resonance when "X" i s  a phenyl group would
be expected to  le a d  e x c lu s iv e ly  to  th e  "Head to  T a il"  s t r u c tu r e  (20).
( 32)Staudinger and S tem h ofer w ' have subjected  polystyrene to  
destructive d i s t i l l a t io n  at 300° and on ly  obtained products 
showing phenyl groups in  a 1-3 r e la t io n sh ip  to  each other:
1 * 3-d iphenylpropane CH2 -CH2 -CH2
I i
Ph Ph
1 > 3.5 5~ trip h en y lp en tan e  CH2 -GH2-CH-CH2--CH2
Ph Ph Ph
3>5~ tripheny lbenzene Ph
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OOPOLYMERS AND COPOLYMERISATION 
H is to r ic a l  In tro d u c tio n
Although an account o f  the- s im ultaneous p o ly m e risa tio n  o f  more th a n
(33)one monomer appears to  have been reco rd ed  as  e a r ly  as 1911 *
when Bayer c a r r ie d  out th e  co p o ly m erisa tio n  of iso p ren e  and 
bu tad iene, i t  i s  only co m p ara tiv e ly  r e c e n t ly  t h a t  a  thorough
in v e s t ig a tio n  of th e  p ro cess  of c o p o ly m erisa tio n  has been made.
( 3/ )
S taud inger and S ch n e id ers  were th e  f i r s t  to  r e a l i z e  t h a t
the com position o f a copolymer was n o t n e c e s s a r i ly  i d e n t i c a l  to  t h a t  
of the monomer m ixture from which i t  was p rep a red . C opo lym erisation  
of a m ixture o f v in y l  c h lo r id e  and v in y l  a c e ta te  ( l s l ) ,  y ie ld e d  
copolymer f r a c t io n s  which on a n a ly s is  showed a r a t i o  of v in y l  
ch lo ride  to  v in y l  a c e ta te  o f 9:3? 7 ;3 , 5 :3 and 5 :7 . No f r a c t io n  
was ob ta ined  w ith  a  l t l  co m p o sitio n . These r e s u l t s  a ls o  in d ic a te d  
th a t the  monomers e n te re d  in to  co p o ly m erisa tio n  a t  d i f f e r e n t  r a t e s .  
Therefore th e  i n i t i a l l y  formed copolymer was found t o  be r i c h e r  in  
the more r e a c t iv e  monomer, bu t as t h i s  monomer was used  up, th e  
copolymer formed l a t e r  in  th e  r e a c t io n  was r e l a t i v e l y  r i c h e r  in  th e  
le ss  re a c t iv e  monomer, F ik e n ts c h e r  and H engstenberg  ^ showed 
th a t i f  th e  more r e a c t iv e  monomer was added to  th e  copo lym erising  
mixture a t  the  same r a t e  a t  which i t  was used  up, th e  com position  
of the copolymers formed th ro u g h o u t the  r e a c t io n  were i d e n t i c a l ,  and 
r ic h e r  in  the  more r e a c t iv e  monomer.
Many chem ists no ted  th a t  th e  behav iour o f monomers in
copolym erisation  could  d i f f e r  from t h a t  in  hom opolym erisation.
Voss and D ickhauser found t h a t  a lth o u g h  m aleic  anhydride
could only be po lym erised  w ith  d i f f i c u l t y ,  i t  r e a d i ly  copolym erised
w ith v in y l c h lo r id e  or s ty re n e . S t i l l  more s u r p r i s in g ly ,  p a ir s  of
(37)monomers such as s t i lb e n e -m a le ic  anhydride , iso b u ty len e -fu m aric
(38)acid  e s te r s  r e a d i ly  gave copolymers w ith  a 1:1  com position ,
reg a rd le ss  of th e  i n i t i a l  com position  of th e  fe e d .
(39)In 1936 D o sta l made th e  f i r s t  a tte m p t to  g ive a  q u a n t i ta t iv e
trea tm ent to  th e se  e m p ir ic a l  r e s u l t s .  I t  was c o n sid e red  t h a t  th e  
ra te  of a d d it io n  o f a  monomer to  an a c t iv e  c e n tre  was independent 
of the  chain  le n g th , b u t dependent upon th e  n a tu re  of th e  a c t iv e  
cen tre . F u r th e r , in  a  growing polymer c h a in  made up from monomers 
l!Mpu and "Mg'S a c t iv e  c e n tre  o f  the  c h a in  could  be or
“Mq*11, and ch a in  p ro p ag a tio n  cou ld  occur in  fo u r ways:
Growing chain  Adding monomer Rate of p rocess R eac tion  p roduct 
. —  M]_« Mp kl l [ Ml J L MJ  —
- M r  . Mg - “ l - V
—  M g. M-j^  k g - j j h t y  Mg-M-^.
—  Mg.  &> kgg[Mg^l  [Mgl —  Mg~Mg.
C ostal made no a ttem p t to  t e s t  h is  assum ptions, owing to  th e  
presence of fo u r r a te  c o n s ta n ts .
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A fter s e v e ra l  u n su cc e ss fu l approaches to  th e  problem , th e  
k in e tic s  of co p o ly m erisa tio n  were e lu c id a te d  s im u ltan eo u sly  in  1944 
by A lfrey  and G o ld finger Mayo and Lewis and W all
They ind ep en d en tly  d e riv e d  th e  HC o p o ly n e risa tio n  eq u a tio n 11.
C opolym erisation eq u a tio n
The d erivation  o f th e copolym erisation equation? i s  based upon the  
work o f D osta l, and assumes the a p p lic a b il ity  o f  expressions (22-25) 
to the propagation o f  chain growth. I t  i s  a lso  assumed th a t in  the  
steady s ta te  o f  copolym erisation the rate o f  form ation o f free  
rad ica ls  o f  any one type w i l l  equal the ra te  at which th ey  disappear 
from the system.
Rate o f formation o f chains term inated by the free  r a d ic a l "M^ . 
which were p rev iou sly  term inated by an "M . 11 free  ra d ica l
= k2 i r M2 ^ t M3?
Rate o f  disappearance o f chains term inated by th e  free  ra d ica l
= ki 2 ^ i ^
Therefore in  the steady s ta te :
^2 1 ^  •-* fMi ^ = ki2t mi ^  £
Rate o f consumption o f  monomer
-  d[Mx]  = ku [Mr ] [M j +
d t
Rate o f consumption o f  monomer "M^":
-  dLR^J = ^ [ M ^ J  [Mp +
dt
D ividing eq u a tio n  (27) by e q u a tio n  (28), to  g ive  th e  r a t i o  o f  th e  
ra te  o f d isappearance  o f  monomers MM^M and nM M:
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d[M-j_] ' k^L M ^] LMx] + ^  (2 9 ^
Introducing equation (26 ) in to  equation (29), and su b s titu tin g
r l  "  kl l  r2 ~ ^22 
k12 ^21
d[Mx] [Mx] ( r ^ M j  +[iM2]) (30)
d[M2] Lm21 ( r 2 [M2] + [Mj])
This r a t i o  o f th e  r a t e  o f  th e  consum ption o f  monomers "M^" and "M n 
i s  a lso  th e  r a t i o  o f th e  m olar c o n c e n tra tio n  o f  th e  two monomers in  
the  r e s u l t in g  copolymer formed a t  t h a t  i n s t a n t .  I t  can be seen from 
equation  (3 0 ) t h a t  th e  chem ical com position  o f th e  copolymer w i l l  be 
only dependent upon th e  monomer c o n c e n tra tio n  a t  th e  tim e th a t  th e  
copolymer i s  formed, and th e  s p e c i f ic  r a t e  c o n s ta n ts  in v o lv ed  in  
the fou r p ro p ag a tio n  s te p s .
The v a l i d i t y  o f"e q u a tio n  (30) was f i r s t  e s ta b l is h e d  by Mayo and 
Lewis u s in g  a m ix tu re  o f  s ty re n e  and m ethyl m e th a c ry la te .
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Monomer r e a c t iv ity  r a tio s
ttr^H ■ and Hr 2w a re  known as th e  monomer r e a c t i v i t y  r a t i o s , and a re  
measures o f  th e  p re fe re n ce  o f  a r a d ic a l  fo r  a t t a c k  on a monomer o f
i t s  own type  or o f  a n o th e r ty p e . T herefore  i f  urp n is  g r e a te r  th a n
un ity  (k p p ) k ^ ) ,  th e  r a d ic a l  w ith  a '’Mp*11 end group w i l l  a t ta c k  
a monomer uMpu more ra p id ly  th an  a monomer nM2u • I f  is  le s s
than u n ity  (kpp< kp2 ) , 'the r a d ic a l  w ith  a nMp*n end group w i l l
a tta c k  a monomer nMpn le s s  r a p id ly  th a n  a monomer UM2” .
1
Mole f r a c t io n
m2
in  copolymer
' 0
0 1 
Mole f r a c t io n  M2 in  monomer 
m ix tu re
The above graphs re p re s e n t  t y p ic a l  copolymer com position  curves fo r  
fiv e  s e ts  o f  monomer r e a c t i v i t y  r a t i o s .
~ 4-9 -
Curve nA" (r^<  1 r ^ )  l )
In-such a case th e  r a d ic a ls  w ith  end groups o r 11 w i l l  b o th
re a c t more r a p id ly  w ith  th e  monomer "M^" th a n  w ith  th e  monomer MM^". 
Thus fo r  any given"m ole f r a c t io n  o f  th e  monomer in  th e  feed^ th e  
in i t i a l ly - o b ta in e d  copolymer w i l l  be r e l a t i v e l y  r i c h e r  in  th e  
monomer th a n  i s  th e  monomer m ix tu re .
Curve "B" (r 3_) 1 r 2 ^
This i s  th e  o p p o s ite  case  to  curve MAM, and f o r  any g iven  mole 
fr a c tio n  o f monomer in  th e  feed  th e  i n i  i t  i  a lly -fo rm ed  copolymer w i l l . 
be r e l a t i v e ly  r i c h e r  in  th e  monomer th an  i s  th e  monomer m ix tu re .
Curve "CM (r-^{ 1 r^ <  1)
In t h i s  type  o f  curve th e  r a d ic a l s  w ith  an end group MM-^ . n w i l l  
re a c t more r a p id ly  w ith  th e  monomer th a n  w ith  th e  monomer
and th e  r a d ic a ls  w ith  an end group nM • 11 w i l l  r e a c t  more ra p id ly  
with th e  monomer nM^n th a n  w ith  th e  monomer The i n i t i a l l y
ob ta ined  copolymer w i l l  th e re fo re  be r i c h e r  in  th e  monomer l,M^n o r 
th e  monomer depending upon t h e i r  c o n c e n tra tio n s  in  th e  fe e d .
For one p a r t i c u la r  c o n c e n tra tio n  o f th e  monomers in  th e  feed  th e  
i n i t i a l l y  formed copolymer w i l l  be o f  an id e n t i c a l  com position  to  
th a t o f th e  fe e d . I t  can be seen from eq u a tio n  (30) th a t  t h i s  
w il l  occur when r-^fMj+LM^] = r^  p y  + [Mj
-  50 -
Curve ®DH (r q^ 1 r 2 ^  ^
The above p a i r  o f monomer r e a c t i v i t y  r a t i o s  would suggest t h a t  each 
type of monomer in  th e  system  would add only to  i t s  own type o f  
r a d ic a l  so t h a t  th e  only polymers t h a t  would be formed would be 
homopolymers. No such example o f th e  fo rm atio n  o f two homopolymers 
from a m ixture o f monomers has been observed .
Curve wEtt (r-j= r2~ l)
In such a case bo th  ty p es  o f  r a d ic a ls  and w i l l  te n d  to
re a c t w ith  th e  monomers uMqw and a t  th e  same r a t e .  The
copolymer formed a t  any g iv en  tim e would th e re fo re  have a monomer 
r a t io  eq u a l to  th a t  o f th e  monomer r a t i o  in  th e  o r ig in a l  fe e d .
In a l l  cases  o f co p o ly m erisa tio n  re p re se n te d  by curves ®A® and ®B®, 
the i n i t i a l l y  formed copolym er w i l l  be r e l a t i v e l y  r i c h e r  in  th e  more 
re a c tiv e  component th a n  i s  th e  monomer m ix tu re . T herefo re  th e  more 
re a c tiv e  monomer w i l l  be used  up more r a p id ly ,  leav in g  a monomer 
mixture r e l a t i v e l y  p o o re r in  t h a t  component. As th e  com position  of 
the monomer m ixture d r i f t s ,  so  th e  com position  o f th e  copolymer th a t  
is  formed w i l l  d r i f t ;  th e  l a s t  formed copolym er being  r e l a t i v e l y  
r ic h e r  in  th e  le s s  r e a c t iv e  monomer c o n s t i tu e n t .
In  a l l  cases^ of co p o ly m e risa tio n , o th e r  th a n  th a t  re p re se n te d  by 
curve ®E®, th e  p roduct w i l l  c o n s is t  o f  a  m ix tu re  of copolymer 
molecules of d i f f e r e n t  chem ical com position  and ch a in  le n g th .
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MONOMER AND RADICAL REACTIVITY
The extent to  which the structure of nononers or free rad icals w il l  
a ffec t th e ir  behaviour in  polym erisation can be q u a lita tiv e ly  
predicted by taking in to  account resonance, s te r ic ,  and a lternation  
e ffe c ts .
Resonance e f fe c ts
R eactiv ity  of nononer 
The r e a c t iv ity  of a su b stitu ted  ethylene "d^CHX11 towards a free  
radical has been found to  be dependent upon the nature of the
(43)substituent group or atom 11X11. Mayo and Walling have found
that the order of r e a c t iv ity  is  given by:
X -  -C/EL) -CHfGKL > -C0CHo > -CN > -C00R) -C l > -CELY > -OR 
6 5  * ;  2
This order of r e a c t iv ity  for substitu ted  ethylene nononers can be 
correlated to  the degree of resonance s ta b iliz a t io n  of the product 
radical,
(a) X=-C6H5
The presence of the phenyl group permits three extra resonance 
structures to  be w ritten for the product rad ica l. This r esu lts  
in  the further s ta b iliz a t io n  of the rad ica l to  an extent of 
20 k c a l./n o le .
I
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I t  shou ld  be no ted  t h a t  a lth o u g h  th e  p resence  o f a s u b s t i tu e n t  
in  a f re e  r a d ic a l  may r e s u l t  in  a la rg e  amount of e x tra  s t a b i l i z a t i o n ,  
the same s u b s t i tu e n t  in  th e  co rrespond ing  monomer w i l l  on ly  cause a 
very s l ig h t  degree o f  e x tra  s t a b i l i z a t i o n .  In  th e  s ty re n e  monomer 
the e x tra  resonance s t a b i l i z a t i o n  due to  co n ju g a tio n  between th e  
phenyl and .v iny l groups only  amounts to  3 k c a l./m o le .
(b) X= -COR
The presence  of an a c y l  s u b s t i tu e n t  w i l l  only  p erm it one e x tr a  
resonance s t r u c tu r e  to  be w r i t te n  fo r  th e  p ro d u c t r a d ic a l .  The 
e x tra  degree of s t a b i l i z a t i o n  a ffo rd e d  by t h i s  s u b s t i tu e n t  i s  
f a r  le s s  th a n  t h a t  of a phenyl group.
-CHo-CH
II
C-0o
I
(° ) -C l
A p o la r  s t r u c tu r e  i s  th e  only e x tra  resonance  from th a t  can be 
w r i t te n  fo r  a  p roduct r a d i c a l  when a halogen s u b s t i tu e n t  i s  
p re s e n t. The e x tra  s t a b i l i z a t i o n  due to  such a s t r u c tu r e  i s  
only o f an o rd e r of 1-2  k c a l./m o le .
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H
I
-CH2 -C: ( - )
Cl- (+)
When a monomer r e a c ts  w ith  a f r e e  r a d ic a l  to  form a p roduct r a d ic a l ,  
the a c t iv a te d  complex in  the  t r a n s i t i o n  s t a t e  of th e  r e a c t io n  w i l l  be 
s ta b i l iz e d  by resonance to  an exbent which i s  in te rm e d ia te  between 
th a t o f th e  r e a c t in g  e n t i t i e s  and the  p ro d u c t r a d ic a l .
I f  a monomer a c q u ire s  e x t r a  resonance  s t a b i l i z a t i o n  due to  a 
s u b s ti tu e n t  group, th e  p ro d u c t r a d ic a l  formed from i t  w i l l  be 
s ta b i l iz e d  t o  a  f a r  g r e a te r  e x te n t .  The e f f e c t  of th e  more s ta b le  
product r a d i c a l  on th e  a c t iv a te d  complex w i l l  be to  s t a b i l i z e  i t  to  
a g re a te r  e x te n t th a n  th e  monomer i s  s t a b i l i z e d .  Thus th e  
a c t iv a t io n  energy re q u ire d  fo r  th e  fo rm atio n  o f  a p roduct r a d ic a l  
from the  s u b s t i tu te d  monomer, w i l l  be le s s  th an  t h a t  re q u ire d  fo r  
the u n s u b s ti tu te d  monomer. This e x p la in s  why a more s ta b le  monomor 
w ill  r e a c t  more r e a d i ly  w ith  a f r e e  r a d i c a l  th a n  one which i s  n o t 
so s ta b le .
R e a c tiv ity  o f f r e e  r a d ic a ls  
I t  i s  found th a t  th e ,o r d e r  o f r e a c t i v i t y  o f a s u b s t i tu te d  f r e e  
ra d ic a l  tow ards a monomer i s  th e  re v e rse  of t h a t  fo r  th e  r e a c t i v i t y  
of the co rrespond ing  s u b s t i tu te d  monomer tow ards a f r e e  r a d i c a l .
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Thus s ty re n e  r a d ic a ls  a re  found to  be le s s  r e a c t iv e  tow ards a g iven  
monomer th a n  v in y l  a c e ta te  r a d ic a l s .
*
The a c t iv e  c e n tre  of a  p ro d u c t r a d i c a l  w i l l  be formed from th e  
monomer ad d u c t, th u s - th e  d if fe re n c e  in  th e  s t a b i l i t y  o f a p roduct 
formed between a s u b s t i tu te d  f r e e  r a d ic a l  and a g iv en  monomer, and 
th a t formed between an u n s u b s t i tu te d  or le s s  s t a b i l i z e d  f r e e  r a d ic a l  
and th e  same monomer, w i l l  be f a r  le s s  th a n  th e  in c re a se  in  th e  
s t a b i l i t y  o f th e  r e a c ta n ts  when th e  f r e e  r a d i c a l  r e a c ta n t  becomes 
s ta b i l iz e d  by s u b s t i t u t io n .  T herefo re  a l a r g e r  a c t iv a t io n  energy 
w ill  be re q u ire d  fo r  th e  r e a c t io n  between th e  monomer and 
s u b s t i tu te d  f r e e  r a d ic a l  r e a c ta n t ,  th an  i s  re q u ire d  fo r  th e  
re a c tio n  between th e  monomer and u n s u b s t i tu te d ,  or le s s  s t a b i l i z e d ,  
free  r a d ic a l  r e a c ta n t .
I t  i s  found th a t  th e  e f f e c t  o f a  s u b s t i tu e n t  in  d ep ress in g  th e  
r e a c t iv i ty  o f a r a d ic a l  exceeds i t s  enhancement of th e  r e a c t i v i t y  of 
the correspond ing  s u b s t i tu te d  monomer. The s ty re n e  r a d ic a l  i s  about 
a thousand tim es le s s  r e a c t iv e  w ith  a  g iven  monomer th an  a v in y l  
a ce ta te  r a d i c a l ,  bu t th e  s ty re n e  monomer i s  on ly  abour f i f t y  tim es 
as re a c tiv e  w ith  a g iven  r a d i c a l  than  th e  v in y l  a c e ta te  monomer. 
Therefore in  hom opolym erisation th e  r a te  o f p ro p ag a tio n  o f ch a in  
growth w i l l  be g r e a te r  f o r  v in y l  a c e ta te  th a n  fo r  s ty re n e , b u t in  
oopolym erisation , s in ce  th e  v in y l  a c e ta te  and s ty re n e  r a d ic a ls  bo th  
tend to  r e a c t  more ra p id ly  w ith  a s ty re n e  monomer, th e  most
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probable p ro d u c t r a d ic a l  formed in  both  cases  w i l l  be the  le s s  
re a c tiv e  s ty re n e  r a d ic a l .  Chain growth w i l l  th e re fo re  be v e ry  slow .
S te r ic  e f f e c t s
The in tro d u c tio n  o f s u b s t i tu e n ts  a t  p o in ts  o f r a d ic a l  a t ta c k  on a
monomer or f r e e  r a d ic a l  may g ive  r i s e  to  s t e r i c  h in d ran ce , th u s
dim inishing th e  r e a c t i v i t y  due to  th e  b la n k e tin g  o f th e  p o in t o f
ra d ic a l  a t ta c k .  This e f f e c t  would be most n o tic e a b le  w ith  la rg e
s u b s t i tu e n ts .  Thus th e  r e a c t i v i t y  o f a monomer or f r e e  r a d ic a l ,
$as p re d ic te d  by ta k in g  in to  accoun t resonance e f f e c t s ,  may have 
to  be m od ified .
The e f f e c t  o f s t e r i c  h in d ran ce  i s  le s s  marked in  1 ,1 - d is u b s t i tu te d  
e thy lenes th a n  in  1 ,2 - d is u b s t i tu te d  e th y le n e s . Thus w h ils t  
v iny lidene  c h lo r id e  or m ethyl m e th acry la te  r e a d i ly  homopolymerise or 
copolym erise w ith  v in y l  monomers, most 1 , 2 - d i s u b s t i tu te d  e th y le n es  
are r e lu c ta n t  to  homopolymerise; only th o se  w ith  very  sm all 
s u b s ti tu e n t g roups, such as e x i s t  in  th e  f lu o r o - d e r iv a t iv e s ,  a re  
found to  r e a d i ly  hom opolym erise.
A lte rn a tio n  e f f e c t s
I t  might be expected  t h a t  1 ,1 - d i s u b s t i tu te d  e th y le n e s  such as 
s tilb e n e  and m aleic  anhydride would no t te n d  to  copolym erise due to  
the s iz e  of th e  s u b s t i tu e n ts  in  th e  m o lecu les. However n o t only  do 
they copolym erise (a lth o u g h  th e y  only homopolymerise w ith  g re a t
d i f f i c u l t y ) ,  bu t the  copolymer has a 1:1  com position  w hatever th e  
nature of th e  fe e d . ,
The phenomena o f a l t e r n a t io n  has been e x p la in ed  by Mayo, le w is ,
( U)and W alling in  term s o f resonance s t a b i l i z a t i o n .  They have
considered  th a t  th e  a l t e r n a t io n  e f f e c t  w i l l  occur i f  th e  n a tu re  o f 
the a t ta c k in g  ra d ic a l-a n d  th e  r e a c t in g  monomer a re  such th a t  a  s in g le  
e le c tro n  may be t r a n s f e r r e d  from one t o  th e  o th e r . This tra n s fe re n c e  
w il l  r e s u l t  in  a d d i t io n a l  resonance forms becoming a v a ila b le  to  th e  
a c tiv a te d  complex, and as a r e s u l t  th e re  would be an in c re a se  in  
the s t a b i l i t y  o f th e  complex. In  the  case  o f s t i lb e n e -m a le ic  
anhydride th e  in c re a se  in  th e  s t a b i l i t y  due to  th e  a l t e r n a t io n  
e f fe c t  must exceed th e  e f f e c t s  of s t e r i c  h in d ran ce .
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SYNTHESIES
S ynthesis o f polymers c o n ta in in g  r e a c t iv e  s id e -g ro u p s
Polymers which c o n ta in  r e a c t iv e  s id e -g ro u p s  may be p rep ared  by one
or the o th e r  of th e  fo llo w in g ’p ro c e d u re s :
( 1 ) D ire c t in tro d u c t io n  of th e  r e a c t iv e  s id e  group in to  a 
r e l a t i v e l y  u n re a c tiv e  polymer m o lecu le .
Due to  s t e r i c  f a c to r s ,  a l l  th e  u n i ts  in  a  polymer m olecule may not. 
be ab le  to  r e a c t ,  and s in ce  th e s e  u n i t s ,  u n lik e  m olecules o f  th e  
mer homologue, cannot be s e p a ra te d  from each o th e r , a copolymer 
w ill  be form ed. The s t e r i c  f a c to r s  can be m inim ized by c a rry in g  
out the polym eric r e a c t io n  in  s o lu t io n ,  where th e  in te rm o le c u la r  
fo rces le a d  to  th e  s e p a ra t io n  and opening out o f  the  polym eric 
m olecules, making i t  e a s ie r  fo r  the  a t ta c k in g  re a g en t m olecules 
to  reach  each u n i t  o f th e  polym er.
I t  may be p o ss ib le  fo r  th e  re q u ire d  s u b s t i t u t io n  to  occur a t  more 
than one p o s i t io n  in  a  polym eric u n i t ,  and th e re fo re  b e s id e s  a 
copolymer being  formed in  which some u n i ts  have r e a c te d  and o th e rs  
have n o t, a f u r th e r  co m p lica tio n  w i l l  occur in  which p o s i t io n a l  
isomerism, an d /o r p o ly s u b s t i tu t io n  has occu rred  in  those  u n i ts
(4-5)which have r e a c te d .  The n i t r a t i o n  o f p o ly s ty re n e  has le d  to  a
n i t r a te d  polymer w ith  a r a t i o  o f  n itro -g ro u p s  t o  benzene r in g s  
varying from 0 , 2 - 1 . 2 , depending upon th e  method used  fo r  n i t r a t i o n .
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In th e se  in s ta n c e s  th e  u n i ts  in  the  r e s u l t in g  copolymer m olecule 
were 2- n i t r o s ty r e n e ,  4- n i t r e s ty r e n e , 2 :4- d in i t r o s ty r e n e ,  as w e ll 
as u n reac ted  u n i t s .  A s im ila r  type  of copolymer i s  formed when 
po lysty rene  i s  su lp h o n ated .
Due to  th e  p ro x im ity  of u n i ts  from th e  same, or d i f f e r e n t  
polymer m olecu les, s id e  r e a c t io n s  can occur in  a s im ila r  manner to  
side re a c t io n s  in v o lv in g  th e  m olecules o f th e  mer homologue.
However, in  th e  lo .t te r  case  th e  by -p ro d u cts  can be sep a ra te d  from 
the d e s ire d  p ro d u c t, b u t w ith  m acrom olecules a copolymer is  formed 
in which b rid g e s  occur betw een u n i ts  th a t  have in te r - r e a c te d .  Thus 
in the c h lo ro m e th y la tio n  of p o ly s ty re n e , in  th e  p resence  o f  a 
F ried e1 -C ra fts  c a t a l y s t ,  a th re e  d im ensional netw ork may be formed in  
which some ch lo ro m eth y la ted  u n i ts  have undergone a F r ie d e 1 -C ra f ts  
re a c tio n  w ith  u n re a c te d  p o ly s ty re n e  u n i t s ,  to  y ie ld  m ethylene b rid g e s  
(see d is c u s s io n , p a r t  2 , p . 2 3 5 )•
(^) P o ly m erisa tio n  of>a sy n th e s is e d  monomer c o n ta in ing the  
d e s ired  r e a c t iv e  s id e  g ro u p .
Polym erisation  o f a monomer c o n ta in in g  the  d e s ire d  r e a c t iv e  s id e  
group would be- ex p ec ted  to  y ie ld  th e  d e s ir e d  homopolymer ( e .g .  p o ly -
/ (4-6.)(a c ry ly l c h lo r id e )  ) .  However, t h i s  p rocedure i s  l im ite d  in  
i t s  a p p lic a tio n  by th e  fo llo w in g  f a c to r s :
(a) T h e /sy n th es ised  monomer may no t r e a d i ly  po lym erise ( e .g .  
d ie th y lm a .lea te ) .
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(b) I t  may n o t be p o s s ib le  t o  sy n th e s ise  th e  d e s ire d  monomer due 
to  an in tra m o le c u la r  rearrangem ent between th e  u n sa tu ra te d  
lin k a g e  and the r e a c t iv e  s id e  group,, or because of th e  
d i r e c t  in te r a c t io n  o f the  u n s a tu ra te d  lin k ag e  of one m olecule 
w ith  th e  r e a c t iv e  s id e  group of a n o th e r . In tram o lec u la r  
rearrangem en t occurs in  th e  a ttem p ted  p re p a ra t io n  of v in y l  
a lc o h o l and v in y la m in e , In  th e  form er case ace ta ld eh y d e  i s  
obtained,, and in  the  l a t t e r  case e thy len eim in e  i s  i s o la te d .  
D ire c t  in te r a c t io n  between th e  u n s a tu ra te d  lin k ag e  of one 
m olecule and a t h i o l  group in  a n o th e r m olecule p rev en ts  th e  
fo rm atio n  of 4-m e rc a p to s ty re n e ,
(c ) The d e s ire d  r e a c t iv e  s id e  group may be u n s tab le  under the  
c o n d itio n s  used in  p o ly m e risa tio n ,
(3) P o ly m erisa tio n  of a s y n th e s is e d  monomer, c o n ta in in g  a s id e -  
group which can be r e a d i ly  co n v erted  to  a r e a c t iv e  s id e -g ro u p , 
Poly (v in y l a lc o h o l)  ? po ly  (v iny lam ine) ? and p o ly (4.-m ercap tosty rcne)
have been p rep a red  by the  r e s p e c tiv e  h y d ro ly s is  of
(4-7) (4£)
p o ly (v in y l a c e ta te )  <, p o ly (N -v in y l m ethyl carbam ate) p and
poly(4~ viny lpheny l th io a c e ta te )
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Synthesis o f  su b stitu ted  styren es
gh=gh2 Y
a. ■> b
z s s
The f in a l  s tag e  in  th e  s y n th e s is  o f a n u c le a r  s u b s t i tu te d  s ty re n e  
w il l  e i th e r  be one th a t  in v o lv e s  th e  co n v ersion  o f th e  s u b s t i tu e n t  
"Z" in to  th e  re q u ire d  s u b s t i tu e n t  MSM, in  th e  p resence  o f  th e  v in y l 
group; o r th e  co n v ersio n  o f a "Y" grouping  in to  a v in y l  group, in  
the p resence o f th e  re q u ire d  s u b s t i tu e n t  MS". However, fo r  reaso n s  
th a t are s ta te d  l a t e r  in  th e  d is c u s s io n , p a r t  1 , p. 207  ^ th e  l a t t e r  
course (ro u te  b) i s  th e  more u su a l means by which a g iven  s u b s t i tu te d  
styrene i s  e v e n tu a lly  p rep a red . This im p lie s  t h a t  th e  " I"  g rouping  
must be one th a t  can r e a d i ly  be co n v erted  in to  th e  u n s a tu ra te d  v in y l  
group. Four such g roupings a re  g e n e r a l ly  employed f o r  t h i s  purpose, 
a. prim ary o r secondary  hydroxyl s u b s t i tu te d  group such as;
Dehydration co n v e rts  th e  form er groups in to  th e  re q u ire d  v in y l  
grouping, w hilst; dehydro h a lo g en a tio n  does th e  same f o r  th e  l a t t e r  
groups. Less common p rocedures used  in  p re p a rin g  a v in y l  group 
involve dehydrogenation  o f  an e th y l  group ,fYM, o r th e
■ch(oh).gh3
or a prim ary o r secondary  halogen s u b s t i tu te d  group such as:
-CH2-CH2 -X -c h x .ch 3
decarboxy la tion  o f  a /3 -ca rb o x y v in y l g rouping  "Y". A s u b s t i tu te d  
sty rene can th e re fo re  be p rep ared  i f  a sy n th e s is  i s  dev ised  f o r  a t  
l e a s t  one o f th e  fo llo w in g  compounds:
(1) /3 -a r y le th y l a lco h o l  
Cf^-C^-OH CH=GH-
(2) -a r y le th y l a lco h o l
gh3 -gh (o h )
(3) /] -aryl-<X~halogenoe thane 
CH2 -CH2X
- S -----:---- >
GH^GI^
(4-) cX-aryl-o(-halogenoethane
ch3- ghx
(5) su b stitu ted  e th y l benzene
ch2-ch 3 gh=gh2 
- S
(6) su b stitu te d  cinnamic acid
GH=GH-C00H
I t  has been found t h a t  th e  d eh y d ra tio n  o f  0( - a r y l e th y l  a lc o h o ls , 
in  the  p resence o f  alum ina a t  h igh  te m p e ra tu re s , can y ie ld  
s u b s titu te d  a r y l  hydrocarbons in s te a d  o f th e  r e c p ire d  s u b s t i tu te d  
styrene. T herefo re  i f  such a r e a c t io n  does occur th e  fi  - a r y le th y l  
alcohol i s  used  fo r  d eh y d ra tio n  in s te a d  o f  th e  o( - a r y l e th y l  a lc o h o l, 
provided i t  can be sy n th e s is e d . M arvel and O verberger th u s
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found th a t  in  th e  a ttem p ted  p re p a ra t io n  o f  m -N -m ethylam inostyrene 
by th e  d eh y d ra tio n  o f th e  co rrespond ing  o c -a ry le th y l a lc o h o l, on ly  
m-N-methylaminoethyl benzene i s  i s o la te d :
c h (o h )bch3  ch2 -ch 3
a12°3 fn
H -------» H
500° <
CH, GH3
A s im ila r  ty p e  o f  r e a c t io n  was found to  occur w ith  e th e r  d e r iv a t iv e s  
of (X -a ry le th y l a lc o h o ls ,
A la rg e  number o f  s u b s t i tu te d  s ty re n e s  have boon s u c c e s s fu l ly  
prepared v ia  th e  p re v io u s ly  m entioned in te rm e d ia te  compounds.
( l )  CX-Arylethyl a lco h o ls  
<X-Arylethyl a lc o h o ls  have been p rep a red  by th e  fo llo w in g  th re e  b a s ic  
procedures:
(a) The a c t io n  o f  a G rignard  re a g en t on a s u i ta b ly  s u b s t i tu te d  
benzaldehyde, which has been p rep a red  from to lu e n e  o r  a 
s u b s t i tu te d  to lu e n e . ■
(51)
v '  GH3  CH3  ch3  ch3  g h g i2
1  HNO3  A v  Sn A .  (l)NaN02-HCl A .  CI2
kJ)  H2 S0 / HG1 (2)CuCl-HCl hv
no2  nh2  Cl
ch=ch2  ch (oh)gh 3  cho
1 (1)KHS04  A s  (l)GH3MgBr A s* H2 0
   o r  — '  *
(2)A12 03 V  (2)H2 0 Y  H
G1 Cl Cl
+
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(52 )(53 ) CH,
(X)NaN02-H2S0A
( l )C r 02GX2 
 ?
(2)H2 0
fHO ,
CHO CHO
HNO
X  -
CH3 OH
ch(och3 )2
h2so^ H+
NO NO'-
(2)H2 0
CH(0CH3 ) 2 
H2 0 X  Raney Ni
^ x H <-
nh3 ^ hso H2 S°A% NH
H2
2
CHO CHO CII(0H)CH3
(l)CH3MgI J
CH=CH'-
NaOH \ (2 )HoO
A12°3 ^  ^
310
OH OCH3 CGH3 OCH.
(b) The re d u c tio n  o f  an a r y l  m ethyl k e to n e <, p rep a red  by a
F r ie d e l-C ra fb s  r e a c t io n  on benzene o r a s u b s t i tu te d  benzene* 
(54-X55)
V
Br
(gh3 g o)2 o
GOGH3
3 u u ; 2 u ^   >
S.Aidfi
Br
CuGN
CCCH
;
CN
3 Aluminium
is  opropoxide
CH=CE 
X
CN
2
KHSC
CH(0H)CH,
'k <?
ON
(56) (57)
CH3COCI 
 »
AlGlo
COCH3 
^  > HNO
GOGH3
3 Aluminium
NO,
iso p ro p o x id e
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c h (o h )ch 3 ch=ch2
p2°5 ^
-y
NO- NO
(c) The a c t io n  o f a ce ta ld eh y d e  on a s u b s t i t u te d  benzene 
magnesium brom ide.- 
(57)(58) ir MgBr CH(0H)CH3
Mg (1)CH3GH0 1
ch=g&
KHSC  ^ ^
2
sN.
CH' GHc
(2)H2 0
*3 CH'
(2) /3 -A ry le th y l a lc o h o ls  
/3-A rylethyl a lc o h o ls  have been p rep a red  by th e  a c t io n  o f  e th y len e  
oxide on benzene magnesium c h lo r id e ,
(58 )(59 ) 01 MgCl
Mg
-N
( i ) ( c h 2 )2 o 
 *
(2)H20
gh2ch2 oh ch2ch2oh
L
CH=CH.
KOH
i i
(3) A ryl ha logenoethanes 
Aryl halogenoethanes have been p rep a red  by th e  p h o to h a lo g en atio n  o f
s u b s t i tu te d  e th y l  benzenes.
(60 )
c2h 5
C2H5
01.
C ^ C l CH=CH,
2
hv
D iocty lam ine ^  
 >-O Vs350
g2h4g i CH=CH,
(5) S u b s t i tu te d  e th y l  benzenes 
S u b s titu te d  e th y l  benzenes have been dehydrogenated to  y ie ld  
s u b s t i tu te d  s ty re n e s .
(63)
02h 5 c2h5 ch=ch2
Clo ZnO
600O
Cl
(6 ) S u b s ti tu te d  cinnam ic a c id s  
S u b s titu te d  cinnam ic a c id s  have been p re p a red  from s u i ta b ly  
s u b s ti tu te d  benza ldehydes. ’
QH CHq
J HN03 Sn
• *
h2S0/ HGl
NC2 NH
(l)NaNC^-HGl
CH3 C l2
(2 )CuCl-HCl
Cl
CH=CH9
3
Cl
. (62)
Q uino line
« —
Cu
CH=GHC00H 
Cl
P y rid in e
(JHC^ 
Cl
h2 o
+
H
( 6 l ) CHO
M alonic a c id
C l
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I t  has a lre a d y  been m entioned th a t  th e  conversion  of a ■s u b s t i tu e n t  UZU 
in to  the  re q u ire d  s u b s t i tu e n t  uSlt, in  th e  p resence o f a v in y l  group 
(rou te  a ) ,  i s  r a r e ly  used as a  means o f p re p a rin g  s u b s t i tu te d  s ty re n e s . 
However, 4 -v in y lb en zo ic  a c id  and i t s  m ethyl e s t e r , and 3 -am inosty rene  
have a l l  been p rep ared  by t h i s  p rocedure .
( 55)4~ viny lbenzo ic  a c id  and i t s  m ethyl e s t e r  ' were r e s p e c t iv e ly  
prepared by th e  a lk a l in e  h y d ro ly s is ,  and a lc o h o ly s is  of 4 -cyano- 
s ty re n e .
3-am inostyrene was p rep a red  by th e  re d u c tio n  o f 3 - n i t r o s ty r e n e  w ith  
stannous c h lo r id e  and h y d ro c h lo ric  a c id  .
Bachman and co-w orkers a ttem p ted  to  p repare  n u c le a r
s u b s ti tu te d  s ty re n e s  by i s o la t in g  th e  p roducts from th e rm a lly  
depolym criscd, s u b s t i tu te d  p o ly s ty re n es  of low m olecu lar w eigh t.
The procedure has n o t been v e ry  s u c c e s s f u l , ' as decom position  o f te n  
occurs during  depo lym erisation ;, p rev en tin g  th e  fo rm atio n  o f th e  
s u b s ti tu te d  monomer (e .g .  d ep o ly m erisa tio n  of n i t r a t e d  p o ly s ty re n e ). 
However, 4 - c h lo ro s ty re n e , 3 ; 4-d ic h lo ro s ty re n e ,  and 4-brom ostyrene 
have been i s o la te d  from th e  depolym erised. h a lo g en a ted  p o ly s ty re n e .
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REACTIVITY OF POLYMERS COMPARED WITH THEIR MER HOMOLOGUE 
A d i s t in c t io n  must be made between two ty p e s  o f  polym eric r e a c t io n s :
(1 ) M onofunctional r e a c t io n
A m onofunctional r e a c t io n  i s  one where th e  f u n c t io n a l  group 
o f each  polym eric u n i t  a c ts  as an in d iv id u a l .
(2 ) P o ly fu n c tio n a l r e a c t io n
A p o ly fu n c tio n a l r e a c t io n  i s  one where th e  fu n c tio n a l  groups 
of more th an  one polym eric u n i t  tak e  p a r t  in  th e  re a c tio n *
M onofunctional re a c t io n s
In a m onofunctional r e a c t io n  th e  a c t iv a t io n  energy  re q u ire d  f o r  a 
polymeric r e a c t io n  i s  e q u iv a le n t to  t h a t  re q u ire d  f o r  the  mer 
homologue.
(66)
Conix and Smets have compared th e  a c t iv a t io n  energy re q u ire d  
for th e  a lk a l in e  h y d ro ly s is  of lactam  r in g s  in  po ly (N -v iny l~  
2 -p y rro lid o n e ) and N -isop ropy l~ 5~ m ethy l-2~ pyrro lidone , As ex p ec ted , 
a s im i la r i ty  in  th e  a c t i v a t io n  e n e rg ie s  was found:
Poly(N-vin y l - 2 - p y r r o lid o n e ) Ea = 25 k .c a l/m o le .
N -is opr opy 1- 5-me t  hy 1-2  -p y r r  o lidone 27
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. c h 2 - g h — c h 2 - ~ c h -
/ N \  / N n  
CHo CO  CHo CO CH2 CO I
I I ( c h 2 )3
c h 2 -  c h 2 I
NH
The s l i g h t  d isc rep an cy  th a t  e x i s t s  in  th e  two a c t iv a t io n  e n e rg ie s  
is  co n sid e red  t o  be due to  N -iso p ro p y l-5-m e th y l-2 -p y rro lid o n e  n o t 
being th e  mer homologue o f  p o ly (N -v in y l-2 -p y rro lid o n e ) ,  bu t th e  
5-methyl d e r iv a t iv e .  The M+I'1 in d u c tiv e  e f f e c t  o f  t h i s  a lk y l  
s u b s t i tu e n t  le ad s  to  an in c re a s e  in  th e  e le c t ro n  d e n s ity  about th e  
n itro g en  atom, which in  tu r n  le ad s  to  a mesomeric e le c tro n  
displacem ent in  th e  fo llo w in g  manners
As a r e s u l t  o f t h i s  d isp lacem en t th e  carbon atom o f th e  ca rb o n y l 
group w i l l  become le s s  re c e p tiv e  to  a t ta c k  by th e  hydroxyl 
n u c leo p h ile , and N -iso p ro p y l-5-m e th y l-2 -p y rro lid o n e  would r e q u ire  a 
s l ig h t ly  g r e a te r  a c t iv a t io n  energy  th a n  p o ly (N -v in y l-2- p y r r o lid o n e ) 
or N -iso p ro p y l-2 -p y rro lid o n e .
The u +I11 in d u c tiv e  e f f e c t  o f th e  c a rb o x y la te  an io n ic  g roups, 
formed during  -the a lk a l in e  h y d ro ly s is ,  on th e  unhydro lysed  lactam  
rings is  n e g l ig ib le ,  due to  th e  d is ta n c e  between th e  carb o n y l and 
the carb o x y la te  groups (8  a tom s).
V  \  ••CH, C -0 :  ^ '
, | • •
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3h s o lu tio n , in te rm o le c u la r  fo rc e s  le a d  to  a s e p a ra tio n  and 
opening up o f  th e  polym eric m olecu les , th u s  m inim izing s t e r i c  
h indrance to  th e  a t ta c k in g  e n t i t y .  This s t e r i c  h in d ran ce  becomes 
more im p o rtan t as th e  s iz e  o f  th e  polym eric m olecule in c re a s e s ,
A fu r th e r  s e p a ra tio n  and opening up o f  th e  polym eric m olecule w i l l  
be brought abou t, due to  e l e c t r o s t a t i c  re p u ls io n , i f  fo rm al charges 
are n e a r to  each o th e r  along th e  polymer ch a in .
During th e  a lk a l in e  h y d ro ly s is  o f  p o ly (N -v in y l-2 -p y rro lid o n e )  
an in c re a s in g  number o f  c a rb o x y lic  an io n ic  groups a re  form ed, b u t 
due to  t h e i r  d is ta n c e  apg,rt (11 a tom s), any re p u ls iv e  e f f e c t s  would 
have l i t t l e  e f f e c t  on th e  g e n e ra l shape o f th e  polymer m olecu le. 
However, as th e  c o n c e n tra tio n  o f  charge b u ild s  up a long  th e  
polymeric ch a in , e l e c t r o s t a t i c  re p u ls iv e  fo rc e s  w i l l  in c re a s in g ly  
h inder th e  approach of^ th e  hydroxyl an ion  tow ards an u n re a c te d  lac tam  
rin g , and to g e th e r  w ith  th e  g r e a te r  d i f f i c u l t y  in  re a c h in g  such 
unreacted groups due to  s t e r i c  f a c to r s ,  a slow ing down o f  th e  r e a c t io n  
occurs. In  f a c t  a f i r s t  o rd e r r a t e  c o n s ta n t fo r  th e  r e a c t io n  rem ains 
constant o n ly  up to  about 50/b r e a c t io n ,  and th e n  slow ly  d e c rea se s  due 
to  th e  above m entioned s t e r i c  and re p u ls iv e  f a c to r s .
The re p u ls iv e  e f f e c t  i s  more marked when th e  fo rm a lly  charged 
groups along th e  polym eric m olecule a re  n eaher to  each o th e r , and 
thus n e a re r  to  any u n re a c te d  g roups. In  th e  a lk a l in e  h y d ro ly s is  o f 
poly (m ethacrylam ide) a c a rb o x y la te d  a n io n ic  group i s  o n ly  th r e e
atoms from a p o s s ib le  u n re a c te d  amide group.
-CKL-C—CH0— C~ ■C H0~G—C H0— C -
CO CO
I 1 (_)
CO COO v ;
NH2 ' nh2 sh 2
Although s t e r i c  h ind rance  i s  reduced  by th e  m utual re p u ls io n  betw een 
carboxy lic  an io n ic  groups formed as th e  r e a c t io n  p roceeds, a f a r  
g re a te r  e l e c t r o s t a t i c  re p u ls iv e  e f f e c t  w i l l  occur., p re v e n tin g  hydroxyl 
anions approaching an u n re a c te d  amide group. The f i r s t  o rd e r  r a t e  
co n stan t r a p id ly  f a l l s  as th e  r e a c t io n  proceeds., and a t  about 70$ 
re a c tio n  th e  h y d ro ly s is  cea ses  due to  th e  e l e c t r o s t a t i c  re p u ls iv e  
fo rce s .
The a c t iv a t io n  energy  re q u ire d  fo r  th e  h y d ro ly s is  has been 
determ ined a t  a low degree o f  co n v ersio n  o f  th e  p o ly (m ethacry lam ide), 
when th e  e l e c t r o s t a t i c  re p u ls iv e  e f f e c t s  a re  n e g l ig ib le .  I t  has been 
found th a t  th e  a c t iv a t io n  e n e rg ie s  f o r  th e  h y d ro ly s is  o f  th e  p o ly - 
(m ethacrylam ide) and i t s  mer homologue, tr im e th y la c e ta m id e , a re  s im ila r
Poly (m ethacrylam ide) Ea = 16 k .c a l /m o le .
T rim ethy lacet amide 15*7
A fu r th e r  reaso n  f o r  th e  c e s s a tio n  o f th e  r e a c t io n  has been 
(6$)suggested by-,Arcus - 9 who c o n s id e rs  t h a t  a s t e r i c  f a c to r  i s  b rought 
in to  p lay  a t  h igh  c o n v ers io n s , due to  two ty p e s  o f  hydrogen bonding:
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In tra m o le c u la r In te rm o le  c u la r
CH.
-GH2 —C—C H£ —C —CH^—C <—CH2 -  
CO
„CH2—C—CH2-
CO
(-}  i ( - )
0 »«*H—N—H° 0 °0
( -)  ( - )
CO CO
CH3 CH3
This hydrogen bonding n o t only  le ad s  t o  th e  polymer m olecules ta k in g  
up a more compact arrangem en t, bu t a ls o  th e  fo rm ation  o f a  g r e a te r  
negative  charge in  th e  v i c i n i t y  of the  u n re a c te d  amide group, which 
w ill  cause a g r e a te r  e l e c t r o s t a t i c  re p u ls io n  tow ards an approach ing  
hydroxyl an io n . In  such a case th e  r e a c t io n  has become 
p o ly fu n c tio n a l.
P o ly fu n c tio n a l r e a c t io n s
The d iffe re n c e  in  b eh av iou r o f a polym eric m olecule and i t s  mer 
homologue becomes ve ry  marked when th e  re a c t io n  is  p o ly fu n c tio n a l, 
as in  t h i s  case fu n c t io n a l  groups in  n e ighbouring  polym eric u n i ts  
take p a r t  in  th e  r e a c t io n .  Thus r a te  c o n s ta n ts  and a c t iv a t io n  
energies of th e  polymer and mer homologue would be expected  to  d i f f e r .
■ ■ ( 69 )Morawetz and W esthead have found th a t  th e  p resence  o f a
m ethacrylic a c id  u n i t  a d ja c e n t to  a  m e th a c ry l ic - p -n i t ro a n i l id e  u n i t ,
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in  a copolym er, s t a b i l i z e s  th e  p - n i t r o a n i l id e  group to  a lk a l in e
h y d ro ly s is  by about a thousand fo ld .  This s t a b i l i z a t i o n  i s  
a t t r ib u te d  to  an in tra m o le c u la r  hydrogen bonding o f the  fo llo w in g  
ty p e :
Such an e f f e c t ,  as p re v io u s ly  m entioned by A rcus, w i l l  le a d  to  
fu r th e r  s t e r i c  h ind rance  to  a t t a c k ,  and in c re a s in g  e l e c t r o s t a t i c  
re p u ls io n  tow ards th e  a t ta c k in g  n u c le o p h ile . The a c t iv a t io n  energy  
req u ired  fo r  the  r e a c t io n  w i l l  th e re fo re  be g r e a te r  th an  i f  no 
hydrogen bonding o ccu rred .
The r a te  o f h y d ro ly s is  o f th e  p -n itro p h e n y l group in  a p - n i t r o -  
phenyl m e th a c ry la te -a c ry lic  a c id  copolymer ( 1 :9 9 ) has been found to  
be a m illio n  tim es f a s t e r  th a n  fo r  the  mer homologue, p -n itro p h e n y l 
p iv a la te  This d if f e r e n c e  has been in te r p r e te d  by Morawetz as
being due to  th e  c a t a ly t i c  e f f e c t  o f a n e ighbouring  c a rb o x y la te  
anionic group on an u n re a c te d  p -n itro p h e n y l m e th ac ry la te  u n i t ,  
which r e s u l t s  in  th e  fo rm atio n  o f ,a n  in te rm e d ia te  6-membered complex:
ch3 ch3
.CI^-G CHo C-
OC-N-H*•*0-00
no2
I t  is  to  be expected  t h a t  th e  ease and e x te n t of a l l  po ly ­
fu n c tio n a l r e a c t io n s  w i l l  be dependent upon th e  t a c t i c i t y  of the  
polymeric m olecule.
In a m onofunctional r e a c t io n  th e  p ro d u c t w i l l  be th e  same as 
fo r the  mer homologue., b u t in  a po ly  fu n c t io n a l  r e a c t io n  th e  p roduct 
w il l ,  of n e c e s s i ty ,  d i f f e r  from th a t  o f th e  mer homologue.
An a cy l c h lo r id e  r e a c ts  w ith  sodium az id e  to  y ie ld  an a c id  az id e
RC0.C1 + NaN3 — > RGO.N  ^ + NaGl 
which is  a resonance h y b rid  o f  th e  fo llo w in g  form s:
-  74 -
On b o ilin g  w ith  an a lc o h o l a rearrangem ent occurs to  y ie ld  an 
N -alkyl s u b s t i tu te d  u re th a n :
• ( - ) - (  + )
R -G -N  N-N R ^ r N  R N
H Vi \  p  / /  R’OH
o  > c ■— * C --------» RNH.COOR’
■ H ii
0 0
However, in  th e  r e a c t io n  w ith  p o ly (a c ry ly l  c h lo r id e )  the  iso cy an a te  
group undergoes an in tra m o le c u la r  r e a c t io n  w ith  an a d jac e n t u n reac ted  
acid c h lo rid e  group, to  y ie ld  a b u ty ro lac tam  r in g :
-CH9-CH-CH9 -CH- -CE.-CH-CE.-CH- -CH.-CH—■CE,~-CH-& \ £ | 6 i £ I & \ & I
I I - NaNo I I l i t  I I
CO CO -------» CO CO ----- > 0=C 0=C=N
I I -  I I .  I
Cl C l ' Cl N3 C l
HC1 + co9 + -c h 2 -ch~ch2 -c h -
I i [n2 0l
0 - c ,--------M
H ydrolysis of < x -ch lo rac ry lic  a c id  y ie ld s  pyruv ic  a c id :
CH2=C-C00H— CHo=C-C00H— * CHoCO.COOH 
2 I ■ QH(-) 2 I 3
Cl OH
but in tram o lecu la r co n d en sa tio n  occurs in  p o ly (cx -ch lo ro ac ry lie  a c id )
to  y ie ld  lac to n e  r in g s :
CL, COOH OH H0-C=0 0—----- C=0
-CH2-C— CII2—C * -CH^-C— CH^—C------> -CH^-C— CH2—C-
COOH Cl COOH C l ■ COOH Cl
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SYMBOLS
c C o n cen tra tio n  of s o lu te  in  s o lu t io n ,
Kf C ryoscopic C o n stan t.
Eb E b u llio sco p io  c o n s ta n t.
L Length of a c a p i l la r y  tu b e .
M M olecular w eight of a  homogeneous polym er. 
M0 Weight of each elem ent o f  a m olecu le.
Mi Weight o f th e  m olecules in  sp ec ie s  11 i H.
Ni Number o f  m olecules in  sp e c ie s  wi u .
TT Osmotic p re ssu re  of a s o lu t io n .
P Uniformly a p p lie d  p re s su re .
R. Gas c o n s ta n t.
r  I n te r n a l  ra d iu s  of th e  c a p i l l a r y  tu b e .
&Tp D epression o f th e  f re e z in g  p o in t.
6 Tb E lev a tio n  o f th e  b o i l in g  p o in t .
T A bsolute te m p e ra tu re .
'ft T u rb id ity  o f a  s o lv e n t .
'i T u rb id ity  of a s o lu t io n .
yo V isc o s ity  of a s o lv e n t (o r  any l iq u id ) .
y V isc o s ity  of a s o lu t io n .
0O D ensity  o f a so lv e n t (o r  any l iq u id ) ,
0 D ensity  of a  s o lu t io n .
MOLECULAR WEIGHT
Average m o lecu lar w eight
The m olecules in  any one sample o f a polymer a re  a lm ost in v a r ia b ly  
not a l l .  o f th e  same m o lecu lar w e ig h t. The sample, w i l l  norm ally  be 
made up of many s p e c ie s ,  and w h ils t  th e  m olecu lar w eight o f th e  
m olecules of a g iven  sp ec ie s  is  th e  same, a range o f d if f e re n c e s  
w il l  be found in  th e  m o lecu lar w eights o f  the  m olecules of the  
d i f f e r e n t  sp e c ie s  c o n s t i tu t in g  th e  sam ple. As a r e s u l t  o f th i s  
h e te ro g e n e ity , any ex p e rim en ta l p rocedure  used  in  th e  d e te rm in a tio n  
of the  m olecu lar w eight o f a  polymer sample w i l l  y ie ld  an average 
value. However, th e  av erag in g  o f the  m o lecu lar w eights may be 
achieved by d i f f e r e n t  means. One means o f av erag in g  th e  m o lecu lar 
weights i s  by w eigh ting  th e  m o lecu lar w eight o f each sp e c ie s  by i t s  
mole f r a c t io n s
Average m o lecu lar w eight
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The value o f th e  average o b ta in ed  i s  dependent upon th e  number o f 
molecules o f each sp ec ie s  of th e  polymer th a t  a re  p re s e n t .  The 
m olecular w eight average determ ined  on t h i s  b a s is  i s  known as th e  
‘’num ber-average m olecu lar w eigh t'1 and i s  d e f in e d  by;
Mn M± M i
1
Ni
Another means of av erag ing  th e  m o lecu lar w eigh ts i s  by w eigh ting  the  
m olecular w eight o f each sp e c ie s  by i t s  w eight f r a c t io n ;
Average m o lecu lar w eight
= 1% . + M2 . N2M2 + . .  * + . % %
riN .M . > ,N.M. y ~ * N.M.
* 1  1  11 1 1  Z _ i  i  i
l  i  i
i
Ni Mi
i
Here, the  average o b ta in ed  i s  dependent upon th e  w eight o f th e  
molecules of each sp e c ie s  o f th e  polymer t h a t  a re  p re s e n t .  The 
molecular w eight average determ ined  on t h i s  b a s is  i s  known as th e  
’’w eight-average m olecu lar weight*’ and i s  d e fin e d  by;
The ex p erim en ta l p rocedu res in vo lved  in  th e  d e te rm in a tio n  of th e  
m olecular w eight o f a polymer sample a re  based  m ainly upon one or 
the o th e r p re v io u s ly  m entioned methods of av e rag in g . Procedures such 
as osmometry, e b u llio m e try , and cryoscopy , which a re  based upon 
the c o l l ig a t iv e  p ro p e r t ie s  o f m o lecu les, w i l l  y ie ld  a num ber-average 
m olecular w eigh t. L igh t s c a t t e r in g ,  and u l t r a c e n t r i f u g e  methods 
involving th e  use o f l i g h t  a b so rp tio n  to  determ ine c o n c e n tra tio n  
changes, can be used  to  y ie ld  a w e igh t-average  m olecu lar w eigh t.
U ltra c e n tr ifu g e  methods in v o lv in g  the m easurements of 
co n cen tra tio n  changes by means o f th e  r e f r a c t iv e ,  index , can be used 
to  give an average m o lecu lar w eight which i s  d i f f e r e n t  from th e  
others th a t  have a lre a d y  been d e fin ed . This average is  known as th e  
llz-average m o lecu lar w eigh t” and i s  d e f in e d  bys
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A fo u r th  type o f  average m olecu lar w eight o f  a he terogeneous 
polymer i s  o b ta in ed  when th e  m olecu lar w eight is  determ ined  by 
viscom etryo This i s  known as th e  nv is c o s i ty -a v e ra g e  m olecu lar 
weight”and i s  d e fin ed  by3
where fo r  many polym ers th e  v a lu e  of ua” l i e s  between 0 .5  and 0 . 8 . 
This average m olecu lar w eigh t w i l l  be d e a l t  w ith  in  th e  s e c t io n  
concerned w ith  v is c o n e try .
For a heterogeneous polym er, th e  average m olecu lar w eigh ts th a t  
have been p re v io u s ly  m entioned w i l l  a l l  d i f f e r  from each o th e r , 
G enerally ,
i
i
but fo r  a homogeneous polym er.
-^1 — b iy — — Mz  — i i
D eterm ination  o f the  num ber-average m olecu lar w eight 
The p r in c ip le  methods used in  th e  d e te rm in a tio n  o f  th e  num ber-average 
m olecular w eight o f m acrom olecules in  s o lu t io n  invo lve  the  
measurement o f th e  osm otic p re ssu re  o f a s o lu t io n  ,,n u (Osmometry), 
or the measurement o f t h e 'r i s e  in  th e  b o i l in g  p o in t o f a s o lv e n t ' 
when i t  c o n ta in s  a s o lu te  U6 T^U (E b u llio m e try ) , or th e  measurement 
of the f a l l  o f th e  f r e e z in g  p o in t o f a  so lv e n t when i t  c o n ta in s  a 
so lu te  u6Tpu (C ryoscopy).
I t  has been shown th a t  th e  above m entioned p ro p e r t ie s  o f  a 
homogeneous polymer s o lu t io n  can be r e l a t e d  to  th e  m olecu lar w eight
of th e  polymer in  the  s o lu t io n  by th e  fo llo w in g  s e t  of e q u a tio n s |
2FT— RT + Be + Cc + , ,  
c M
6 Tb = Kb + 'Be + Cc2 + 
c M0 ,
S Tf  = Kf  + Be + Cc2 +
c M<o0‘
where ltBu and HCW are  v i r i a l  c o e f f ic ie n t s  which have been e v a lu a te d  
by sev e ra l w orkers e
I f ,  f o r  a s e r ie s  o f c o n c e n tra t io n s , th e  v a lu e s  of th e  
expressions on the  l e f t  hand s id e  of eq u a tio n s  (31-33) a re  p lo t te d  
against the  c o n c e n tra tio n  o f th e  polymer in  s o lu t io n ,  and th en
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e x tra p o la te d  to  i n f i n i t e  d i lu t io n  (c=0 ) , the  m olecu lar w eight o f 
the homogeneous polymer can be determ ined  from th e  fo llo w in g  
equations (34-36) d e riv e d  from eq u atio n s  (3 1 -3 3 ):
= K,t= 
I = RT
uf* 1
II
r
 ^
1 
vO 
1
c-*o M > >. 0 „ C-* 0 M 0O > c c—*o
Jf_
Mec
(34- 3 6 )
For heterogeneous polymer s o lu t io n s  th e  m o lecu lar w eight "M” must be 
rep laced  by th e  num ber-average m olecu lar w eight uMnu .
With c e r ta in  l in e a r  polym ers i t  i s  p o s s ib le  to  e s tim a te  th e  
number of end groups on th e  polymer m olecules by chem ical means, 
and as a r e s u l t  d e riv e  th e  num ber-average m o lecu lar w eight o f th e  
m olecules. A s u c c e s s fu l a p p l ic a t io n  o f th e  '’'end-group ’1 p rocedure 
req u ires  t h a t  th e  n a tu re  o f th e  end groups be r e l i a b ly  known, and 
th a t they  may be capab le  o f an a c c u ra te  e s tim a tio n . Such f a c to r s  
are to  be found in  l in e a r  co n d en sa tio n  polym ers formed from 
d ifu n c tio n a l monomers, where a fu n c tio n a l  group i s  a c id ic  o r b a s ic ,  
e .g .to  -h y d ro xycarboxy lic  a c id s
n HO-R-COOH— > (n -  1) HP0 + HO-R-CO-fO-R-CO—]--------- O-R-COOH
(n -2 )
In such a case an e s tim a tio n  of th e  number o f carboxy l groups p re se n t 
y ie ld s  the  number o f polymer m olecules p re se n t in  th e  heterogeneous 
polymer mass. Hence th e  num ber-average m o lecu lar w eight may be 
deduced.
Determination of the -weight-average and z-average molecular weights
(72)E in ste in  co n sid e red  th a t  l i g h t  s c a t te r in g  from a non -ab so rb in g
so lu tio n  was a r e s u l t  o f  th e  o p t ic a l  h e te ro g e n e ity  o f th e  medium. 
Such h e te ro g e n e ity  was co n sid e red  to  a r i s e  from m inute c o n c e n tra tio n
and d e n s ity  f lu c tu a t io n s  in - th e  s o lu t io n .
(73)Debye has shown th a t  th e  m olecu les o f a s o lu t io n  can b e '
considered as p o in t s c a t te r in g  c e n tre s  i f  t h e i r  l a r g e s t  dim ension i s  
le ss  than  0 .05  o f th e  w avelength  o f  th e  in c id e n t  l i g h t .  I f  t h i s  i s  
observed by a homogeneous polymer so lu te ., ■
He — 1 + 2B * c + «•
T - to  M RT
where ’’H" i s  a c o n s ta n t fo r  a p a r t i c u l a r  so lv en t-p o ly m er system  and 
wavelength o f in c id e n t  l i g h t .
I f  fo r  a s e r ie s  o f c o n c e n tra tio n s , th e  v a lu es  o f th e  ex p re ss io n  
on the l e f t  hand s id e  o f eq u a tio n  (3 7 ) a re  p lo t te d  a g a in s t  th e  
polymer c o n c e n tra tio n  in  s o lu tio n , and e x tra p o la te d  to  i n f i n i t e  
d ilu tio n , th e  m o lecu lar w eight o f  th e  polymer may be determ ined  
from th e  fo llow ing  eq u a tio n  (3 8 ) , d e riv e d  from eq u a tio n  (3 7 )•
L im it He = 1
MT -  X
I t  has been dem onstrated  th a t  a w e ig h t-av erag e  m o lecu lar w eight i s
derived by t h i s  p rocedure when a h e te rogeneous polymer i s  p re se n t in  
(71)a so lu tio n  , In  such cases  "M" in  eq u a tio n s  (37-38) must be 
replaced by th e  w e ig h t-av erag e  m o lecu lar w eight ”1^ ”,
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M olecules w ith  dim ensions g r e a te r  th an  0 .05  o f  th e  w avelength o f 
the in c id e n t l i g h t  cannot be co n sid e red  as p o in t s c a t te r in g  cen tres*  
In such case s  th e  p re v io u s ly  m entioned th e o ry  has had to  be
(73)m odified
Using an u ltra c e n tr ifu g e  developed by Svedberg and co-workers, 
a very d ilu te  polymer so lu tio n  may be cen tr ifu ged  in  a c e l l  for  a 
long time so th at equ ilibrium  between sedim entation, produced by 
the cen tr ifu g a l fo rce , and d if fu s io n  due to  thermal a g ita t io n ,  
may be e sta b lish ed . The polymer w i l l  then be d is tr ib u ted  over th e  
length o f th e  c e l l  in  a manner dependent upon the m olecular weight 
and molecular w eight d is tr ib u tio n  o f  the polymer. Concentration  
changes in  the c e l l  may be'measured by means o f  l ig h t  absorption , 
or by the change in  the r e fr a c t iv e  index o f  the so lu tio n . From 
these measurements i t  i s  p o ss ib le  to  c a lc u la te  th e m olecular w eight 
of a homogeneous polymer in  so lu tio n . I f  the polymer i s  
heterogeneous th e  average m olecular w eight th a t i s  derived w i l l  
depend, as sta ted  e a r l ie r ,  upon th e  method used in  th e  determ ination  
of the concentration  changes.
~ Slj. —
VISCOSITY
In tro d u c tio n
In the  t h e o r e t i c a l  tre a tm e n t o f v is c o s ity *  a pure l iq u id  i s  t r e a te d  
as a s t r u c tu r e le s s  con tinuous f l u i d .
C onsider two a d ja c e n t volume elem ents o f  a l iq u id  which a re  a t  a 
d is tan ce  u dxu a p a r t  w ith  an a re a  o f c o n ta c t u dAlt. I f  one o f  th e  
volume elem ents due to  some e x te r n a l  fo rce  i s  in  m otion w ith  r e s p e c t  
to  the  o th e r w ith  a v e lo c i ty  wdult, the  lo c a l  fo rc e s  o f a t t r a c t i o n  
w il l  te n d  to  oppose th e  m otion . This opposing fo rce  ,!F fl! i s  known 
as the  f r i c t i o n a l  fo rc e .
dA
Fj? du « d A
Where '*'yow i s  known as th e  c o e f f ic ie n t  of v is c o s i ty *  or th e  
v is c o s ity  of th e  l iq u id .
F  ^ — YJ du ♦ dA
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Determination o f the v is c o s i t y  of a liq u id
The d e te rm in a tio n  of l iq u id  v i s c o s i t i e s  u sin g  a c a p i l la r y  v isco m ete r 
is  based upon th e  work of P o i s e u i l l e P who showed th a t  th e  t o t a l  
volume of l iq u id  flow ing a c ro ss  any c r o s s - s e c t io n  o f a v e r t i c a l l y  
held,, uniform  c a p i l l a r y  tube in  one second, can be re p re se n te d  by§
F r r r 4  ' (39)
8 % L
In such d e te rm in a tio n s  th e  l iq u id  is  allow ed  t o  flow down the  
c a p il la ry  tube between two h e ig h ts  uh-^! and "h^" (h-^ being  h ig h e r 
than b ^ ) . The a p p lie d  p re s su re  i s  th a t  due to  g ra v i ty ,  and t h i s  
p ressure  w i l l  va ry  from a maximum value  when th e  h e ig h t of th e  l iq u id  
in the  c a p i l l a r y  tube i s  a t  11 h^11, to  a minimum v a lu e  when th e  h e ig h t 
of the l iq u id  in  th e  c a p i l l a r y  tube i s  a t  “ hq""
I f  the  h e ig h t of th e  l i q u id  in  the  c a p i l l a r y  tube  a t  any in s ta n t  
is  given by l,hu , th en  th e  volume udvls of l iq u id  th a t  flow s th ro u g h  th e  
c a p il la ry  tu b e  in  a tim e ud tu a t  any in s t a n t ,  i s  g iven  by 5
dv h<og r^TT 
d t 8 ^  L
where,
P = h £0 g
Thus i f  ut u '‘i s  the  tim e ta k en  f o r  th e  l iq u id  to  flow  from a h e ig h t 
nh f  to  "hgW • '
and fo r  a g iven  v iscom eters
t  -  J L  . C onstant
e 0
The v is c o s i ty  of a l iq u id  can th e re fo re  be determ ined  i f  a 
c a l ib ra t io n  run  has been done in  th e  'v isco m ete r w ith  a  l iq u id  
of known v is c o s i ty  and d e n s i ty .
Co r re c tio n s  to  P o i s e u i l l e fs work 
When determ in ing  th e  v i s c o s i ty  of a l iq u id ,  assumed to  be moving 
with s tream lin e  flow , P o is e u i l le  f a i l e d  to  ta k e  in to  account the  
energy th a t  i s  d is s ip a te d  as a r e s u l t  of th e  convergence and 
divergence of flow  l in e s  o f d i f f e r e n t  v e lo c i ty ,  a t  th e  ends of th e  
c a p i l la ry . Nor d id  he r e a l i z e  t h a t  th e  a p p lie d  p re ssu re  was not 
e n t i r e ly  used in  overcoming f r i c t i o n a l  fo r c e s ,  b u t was p a r t i a l l y  
used to  im part k in e t ic  energy to  th e  e f f lu x .
In  p re c ise  v isco m etry  work c o r re c t io n s  have to  be a p p lie d  t o  th e  
equations (39- 4 1 ) in  o rd e r t o  ta k e  in to  account th e  above m entioned 
c o rre c tio n s .
~ 37 -
V isco s ity  r a t i o
Einstein (76 ")and Simha w J have co n sid e red  th a t  in  a d i lu te
so lu tio n , th e  so lv en t may s t i l l  be co n sid e red  as a co n tin o u s 
s t r u c tu r e le s s  f l u i d  moving w ith  s tre a m lin e  flow , as long  as th e  
so lu te  m olecu les a re  much la r g e r  th a n  th o se  o f  th e  so lven t*
Under th e se  c ircu m stan ces  th e  la rg e  s o lu te  m olecu les w i l l  s t r e t c h  
across a number o f  flow  l i n e s  causing  a d i s to r t io n  o f th e  flow  
p a tte rn . Due to  t h i s  d i s to r t i o n  th e  v i s c o s i ty  o f th e  s o lu tio n  
w il l  be g re a te r  th a n  th a t  o f  th e  s o lv e n t .  The above m entioned 
increase  in  v i s c o s i ty  i s  found to  occur w ith  polymer s o lu t io n s ,  
and a comparison o f th e  v i s c o s i ty  o f  a polymer s o lu t io n  w ith  t h a t  
of the  pure so lv en t may be ach ieved  by th e  fo llo w in g  p ro c e d u re :
Let th e  flow  tim es o f th e  s o lu tio n  and so lv en t between th e  
h e ig h ts  Mh]_" and re p re se n te d  by " t"  and " t0 M re s p e c t! '
then fo r  th e  s o lv e n t , e q u a tio n  (4 1 ) becomes,
t 0 -Hi  . C onstant
(42)
and f o r  th e  s o lu t io n , e q u a tio n  (4 1 ) becomes,
c —  . C onstan t
e (43)
Combining eq u a tio n s  (42) and (43):
(44)
% t 0 Co
-  88 -
The ex p re ss io n  on th e  l e f t  hand s id e  o f  eq u a tio n  (44) i s  known as 
the v is c o s i ty  r a t i o .
With a d i lu te  s o lu t io n  o f  a polym er, eq u a tio n  (44) can be 
s im p lif ie d  by assum ing th a t  th e  d e n s i ty  o f the s o lu t io n  i s  th e  same 
as th a t  o f th e  pure  so lv e n t; when ,
7 _ t  (45)
t 0
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V isc o s ity  number. Logarithm ic v is c o s i ty  number. L im iting  v i s c o s i ty  
number..
When c o n s id e rin g  th e  way in  which the  v i s c o s i ty  r a t i o  cou ld  be 
determ ined, no m ention was made of th e  f a c t  t h a t  th e  v i s c o s i ty  of 
a polymer s o lu t io n  v a r ie s  w ith  th e  c o n c e n tra tio n  of th e  s o lu te  in  
the s o lu t io n .  T h ere fo re ,
y  th e  s o lu t io n  v i s c o s i ty
V— th e  v i s c o s i ty  r a t i o
7o
-2—^  th e  v i s c o s i ty  number
?oC
(c = g, o f s o lu te  in  100 ml. o f  s o lu tio n )  
a l l  vary  w ith  th e  c o n c e n tra tio n  of th e  polymer in  the  s o lu t io n .
The in c re a se  in  the  v i s c o s i ty  o f a d i lu te  polymer s o lu t io n  
compared to  t h a t  o f the  pure s o lv e n t ,  was co n s id e re d  to  a r i s e  from 
the s o lv e n t- s o lu te  i n t e r a c t io n  which r e s u l te d  in  th e  d is tu rb a n c e  o f 
the flow p a t te r n .  At very  low co n ce n tra tio n s  of s o lu te ,  
d istu rbances of th e  flow  p a t te r n  due to  an in d iv id u a l  s o lu te  m olecule 
can be co n sid e red  no t to  o v e rlap  w ith  th e  d is tu rb a n ce  produced by 
another s o lu te  m olecu le . As th e  c o n c e n tra tio n  o f s o lu te  in  th e  
so lu tio n  in c re a s e s , such an o v e rlap  of d is tu rb a n c e s  becomes more 
and more common. T herefo re  th e  v i s c o s i ty  o f a polymer s o lu t io n  w i l l
in c rease  more ra p id ly  th an  th e  in c re a se  in  th e  c o n c e n tra tio n  of th e  
so lu tiono
V is c o s ity  numbers fo r  a s e r ie s  o f d i lu te  s o lu t io n s  of a g iven  
polymer and so lv e n t can be p lo t te d  a g a in s t  th e  c o n c e n tra tio n  o f th o se  
s o lu tio n s . E x tra p o la tio n  o f th e  graph to  i n f i n i t e  d i lu t io n  (c=0) 
would y ie ld  a v a lu e  o f th e  v i s c o s i ty  number where th e  s o lu t io n  cou ld  
be co n sid e red  f r e e  from o v e rlap  in  s o lu te  d is tu rb a n c e s . This v a lu e  
of the v i s c o s i ty  number i s  known as th e  l im it in g  v is c o s i ty  number 
(L.V.N.) and i s  d e fin e d  by:
L im it
Huggins (77) has d e r iv e d  th e  fo llo w in g  r e la t io n s h ip  between th e
v is c o s i ty  number and L.V.N
term s in  h ig h e r 
powers o f  ’’c"
(th e  h ig h e r  te rm s a re  n e g l ig ib le  fo r  d i l u t e  s o lu t io n s )
where nk M is  app rox im ate ly  c o n s ta n t f o r  a s e r ie s  of polymer 
homologues in  a g iven  s o lv e n t .
Another r e la t io n s h ip  i s ?°
where th e  e x p re ss io n  on th e  l e f t  hand s id e  i s  known as the  
logarithm ic v i s c o s i ty  number (c = g . o f s o lu te  in  100 ml. of 
so lu tio n ) .
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As requ ired ,, eq u a tio n s  047)and (4-8) reduce to  eq u a tio n  (4 6 ) 
a t i n f i n i t e  d i lu t io n .
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Molecular weight and lim it in g  v is c o s i t y  number
The fo llo w in g  d is c u s s io n  i s  based  upon th e  p o s s ib le  c o n f ig u ra tio n  
o f a s in g le  f l e x ib le  l in e a r  polymer c h a in  m olecule in  s o lu t io n .
I t  w i l l  ap p ly  e q u a lly  w e ll to  more th a n  one m olecule i f  th e y  a re  a l l  
homogeneous w ith  r e s p e c t  to  m olecu lar w e ig h t. Such a m olecule in  
so lu tio n  may have many p o s s ib le  c o n f ig u ra tio n s  o f eq u a l energy , bu t 
an average dim ension t h a t  can be used to  d e sc r ib e  i t s  s p a t i a l  
ex tension  i s  th e  average e n d -to -en d  d is ta n c e  (h  This i s  th e0 cl v
ro o t mean square average o f th e  d is ta n c e  between th e  ends of th e  
l in e a r  polymer m o lecu le$
where hQ is  the  en d -to -en d  d is ta n c e  o f a polymer m olecule, when i t  i s  
in a p a r t i c u la r  c o n f ig u ra t io n , and the  av erag in g  p ro cess  i s  c a r r ie d  
out over a l l  p o s s ib le  c o n f ig u ra t io n s .
I f  h 1 i s  th e  v e c to r  drawn between th e  ends of a polymer m olecule 
when i t  i s  in  a p a r t i c u l a r  c o n f ig u ra t io n , th e n  h ’ . h ' 0 r e p re s e n ts  the  
sc a la r  p ro d u c t, which i s  d e f in e d  as th e  p ro d u c t of the  len g th s  
of the v e c to rs  and th e  co sin e  of the  an g le  0 between them ( in  t h i s  
case as the  v e c to rs  a re  i d e n t i c a l  th e  co sin e  term  i s  u n i ty ) ,
(h0 ) av = & 20 f (49)
and on averag ing  over a l l  p o s s ib le  c o n f ig u ra t io n s :
2 (50)
Consider an u n re str ic ted , h y p o th etica l polymer molecule 
co n sistin g  o f  (tf'+ l) elem ents jo in ed  by 6  bonds of equal len gth
(L) • Lot th e  s t e r i c  h in d ran ce  between d i f f e r e n t  p a r ts  o f the  
polymer ch a in  be so n e g l ig ib le  t h a t  a bond may ta k e  up any a n g u la r  
p o s itio n  w ith  r e s p e c t  to  a ne ig h b o u r. In  a g iven  c o n f ig u ra tio n  th e  
bonds w i l l  be d e fin e d  by th e  v e c to rs  L 'p  L*2 > L’^ , . L' ^ which 
w il l  a l l  be o f th e  same le n g th  but a c tin g  in  d i f f e r e n t  d i r e c t io n s .  
I t  can r e a d i ly  be shown th a t  th e  summation of th e se  v e c to rs  w i l l  
y ie ld  a new v e c to r  whose components o f s c a la r  magnitude along th e  
x -, y - ,  s -ax es  o f a r e c ta n g u la r  c a r te s ia n  c o -o rd in a te  system  a re  
id e n t ic a l  to  th o se  o f th e  v e c to r  between th e  ends o f th e  polymer 
molecule (h* ) . T h e re fo re ,'
(S ubscrip t j has th e  same meaning as i ,  bu t a d i f f e r e n t  symbol i s  
used to  denote t h a t  each term  in  th e  f i r s t  sum must be m u lt ip l ie d
±=<f
and on averag in g  over a l l  p o s s ib le  c o n f ig u ra tio n s
i= t f  j-c r
by each term  in  th e  second sum).
On c a rry in g  out th e  m u l t ip l ic a t io n  o f e x p re ss io n  (52)
The s c a la r  p roduct i s  g iven  by:
L[ . Lj .= Lj_ » Lj Cos 0
where th e  v e c to r s  a l l  have th e  same le n g th , but a c t  in
d i f f e r e n t  d ir e c t io n s  (L. = L . L ) .i  J
On av erag in g  over a l l  th e  p o ss ib le  c o n f ig u ra t io n s , (L^, Lj 
rem ain f ix e d  and eq u al to  L, b u t 0 may have p o s i t iv e  as w e ll 
as n eg a tiv e  v a lu es  w ith  eq u a l p r o b a b i l i ty .  T herefore
L! . LI = L2 Cos 0 = 01 J
When i  = j
2 2 L! , L! . -  L. -  L
1  2 = J  1
Therefore in  e x p re ss io n  (53) a l l  term s v a n ish  u n le ss  i  = j .  
S u b s titu tin g  ex p re ss io n  (53) in to  ex p re ss io n  (5 0 ) , and ta k in g  
note o f the  p rev ious co n c lu s io n :
o’ _
ho = h i  • ho =n  q  • Li  l 2 = d . l 2
i = l  1
In a l l  r e a l  polymer ch a in s  a  bond cannot be o r ie n ta te d  in  a l l  
the p o ss ib le  d ir e c t io n s  as was assumed in  th e  p rev io u s  av erag in g
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procedure . The ex ac t n a tu re  o f th e  r e s t r i c t i o n s  on th e  d i r e c t io n s  
assumed by a g iven  bond w i l l  depend on th e  s t r u c t u r a l  elem ents o f 
the polymer m olecule ( e .g .  th e  s ta n d a rd  bond an g les  between a tom s).
Thus th e  p o s s ib le  o r ie n ta t io n  o f a d ja c e n t bonds w i l l  be l im ite d ,  
and the  p re v io u s ly -d e sc r ib e d  account w i l l  have t o  be m odified  to  
account fo r  th e se  l im i t a t i o n s .
I t  has been found th a t  in  a l l  cases  where such in tra m o le c u la r  
e f fe c ts  (known as s h o r t  range e f f e c t s )  have to  be co n s id e red ,
h 2 = dL2 , C onstan t (55)
where th e  c o n s ta n t w i l l  depend upon the  r e s t r i c t i o n s  p laced  upon th e  
id e a l model by th e  c o n s t i tu e n ts  of th e  polymer ch a in .
o O
Replacing (L . C o n stan t) b y , e x p re ss io n  (55) becomes:
h2 -  <5 2 ' ■ ( 56)
Elements n e a r to  each  o th e r , but s e p a ra te d  along  th e  m o lecu lar
chain by s e v e ra l  o th e r  e lem en ts , cannot tak e  on a l l  p o s s ib le  
co n fig u ra tio n s  due to  th e  m utual re p u ls io n  th a t  occurs when two 
elements approach  very  c lo se  to  each o th e r (exc luded  volume e f f e c t ) .
An ex ten sio n  of th e  polym er c h a in  w i l l  occur and th e  average e n d - to -  
end d is ta n ce  w i l l  be g r e a te r  th a n  th a t  p re d ic te d  by ta k in g  in to  
account s h o r t  range e f f e c t s .
The c o n f ig u ra tio n  of a polym er ch a in  w i l l  a ls o  depend upon i t s
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environm ent. In  a good so lv e n t the  energy o f in te r a c t io n  between 
polymer e lem ents and a d ja c e n t so lv e n t m olecules exceeds th e  mean 
en erg ies  o f in te r a c t io n  between e lem ent-elem ent and s o lv e n t- s o lv e n t  
p a ir s ,  and th e  m olecule w i l l  te n d  to  expand in  o rd er to  perm it 
e lem en t-so lv en t c o n ta c ts .  In  a poor so lv e n t the  energy of 
in te r a c t io n  between polymer elem ents and a d ja c e n t so lv en t m olecules 
is  u n fav o u rab le , and as -a r e s u l t  th e  polymer e lem ents w i l l  ten d  to  
move away from th e  so lv e n t m o lecu les . I f  th e  le v e l  of th e  energy of 
in te ra c t io n  between th e  polymer elem ents and a d ja c e n t so lv e n t 
molecules i s  very  low, i t  may fo rce  th e  polymer e lem ents ( th a t  a re  
sep ara ted  by s e v e ra l  o th e r  elem ents a long  a polymer ch a in ) to  come 
so c lo se  to  each  o th e r that- th e  excluded volume e f f e c t  w i l l  be 
can ce lled  o u t. Under such c o n d itio n s  th e  average en d -to -en d  d is ta n c e  
w ill  be as p re d ic te d  by e x p re ss io n  ( 56 ) ,  and th e  so lv e n t would be
termed ”an id e a l  solvent*’ .
(78)
F lory  has in tro d u ce d  an e m p ir ic a l f a c to r  u oO! to  ta k e  in to
account th e  d e v ia tio n s  in  th e  en d -to -en d  d is ta n c e  t h a t  a r i s e  from, 
volume e x c lu s io n  and so lv e n t e f f e c t s  (long  range e f f e c t s ) .
I f  (h Q)av r e p re s e n ts  th e  average  e n d -to -e n d  d is ta n c e  f o r  a 
polymer m olecule when ex p re ss io n  ( 5 6 ) i s  t r u e |
(h )ay re p re s e n ts  th e  average en d -to -en d  d is ta n c e  f o r  a
polymer m olecule when long range e f f e c t s  a re  ta k en  
in to  a cco u n t,
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th e n ? \
( k ) a v ~  ^  ^ o ^ a v
and using  ex p re ss io n  (4 9 ):
~  -2  f 2
h = o r . h 0 (57)
S u b s ti tu tin g  ex p re ss io n  (57) in to  ex p re ss io n  (5 6 ):
h2 = <X2y}2 d
I f  i s  t h e  w eight .of each  elem ent in  th e  polymer ch a in ,
and i s  th e  w eight o f a polymer m olecu le ,
h2 =0C2 >^2 M (58)
Mo
(79)F lory  and Fox , who have p a r t ly  based t h e i r  work on th a t  
of Kirkwood and Riseman have r e l a t e d  th e  L.V.N. to  th e
co n fig u ra tio n  and th e  w eight o f  a f l e x ib le  ch a in  polym er:
]cx  ^
M •
S u b s titu tin g  e x p re ss io n s  (57) and (58) in to  e x p re ss io n  (5 9 ):
[ 7  1 = k<x3ms  (6 0 )
uKn and u0( w were assumed to  be independent o f the  m o lecu lar w eight 
of the polymer in  s o lu t io n ,  b u t th e  e x p e r im en ta lly  measured L.V.N. 
of a l in e a r  ch a in  polym er, in  a good s o lv e n t ,  was found to  in c re a se  
with a power o f th e  m o lecu lar w eight s l i g h t l y  g r e a te r  than  
one h a lf .  F lo ry  and Fox have c o n sid e red  th a t  t h i s  va lue  in  excess 
of th a t  p re d ic te d  by e q u a tio n  ( 6 0 ) a r i s e s  from a v a r ia t io n  o f  n0Ctt
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w ith  th e  m o lecu lar w eighty o f th e  polym er. They have deduced t h a t  
the dependency of ttoO! on th e  m olecular w eight o f  a f le x ib le  ch a in  
polymer i s  g iven  by;
0( ^ -  q/3 = q ' f  1 -  0 1 M2 (61)
T >
where wCn1 and depend on th e  po ly m er-so lv en t system .
In th e  case  of a f l e x ib le  ch a in  polymer in  so lu tio n ., W(XW can
;
have two extrem e v a lu e s ;
1. I f  M CXlt i s  la rg e ,  e q u a tio n  (6 l)  can be reduced  to ,
(X 6 = C onstan t . M2 
a t  a c o n s ta n t te m p e ra tu re .
S u b s t i tu t io n  in to  e q u a tio n  (60) y ie ld s :
' [ y ]  = K ' . M°’8 (62)
2 . I f  th e  so lv e n t i s  s u f f i c i e n t l y  po o r, 11 (Xn -  1, and th e
f
ex p re ss io n  ( 6 0 ) red u ces  to :
- [ y ]  = k . m° ' 5 (63)
I t  can be co n sid e red  t h a t  fo r  a f le x ib le  ch a in  polymer in  s o lu t io n ,
the r e la t io n s h ip  between th e  L.V.N. and th e  m o lecu lar w eight o f th e
polymer i s  g iven  by;
[ 7 ]  =K» . Ma (64)
where l!au l i e s  between 0 .5  and 0 .8 .
Heuer and S tau d in g e r had su g g ested  in  1930 th a t  th e re  e x is te d
a r e la t io n s h ip  between th e  v is c o s i ty  number and the  m olecu lar w eight
of a polym er. W ith an in c re a se  in  th e  knowledge o f th e  p ro p e r t ie s
of polymer s o lu t io n s  S tau d inger*s id eas  were m o d ified . An e q u a tio n
(82)was proposed by Houwink r e l a t i n g  th e  L.V.N. of a polymer
so lu tio n  to  th e  m olecu lar w eight of th e  polym er. The form of th e  
equation  was s im ila r  tq  t h a t  produced th e o r e t i c a l l y  by F lo ry  and Fox.
In o rd e r t h a t  th e  p rev io u s  e q u a tio n s  s h a l l  be a p p lic a b le  to  a 
heterogeneous polymer in  s o lu t io n ?an a d d i t io n a l  averag ing  p ro cess  
of the average en d -to -en d  d is ta n c e  of the v a r io u s  polymer ch ain s i s  
necessary . The v a lu e  o f th e  d e riv e d  m o lecu lar w eight fo r  such a 
heterogeneous polymer w i l l  be an average m o lecu lar w e ig h t, the  
v isc o s ity -a v e ra g e  m o lecu lar w eight which is  d e f in e d  by th e  eq u a tio n  
given on page 79 .
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V THIOLS
N ucleoph ilic  s u b s t i tu t io n  in v o lv in g  th e  e v en tu a l rep lacem ent o f  a 
halogen atom by a t h i o l  g rouping , a lth o u g h  o c cu rrin g  r e a d i ly  w ith  
a lk y l h a l id e s  i s  very  d i f f i c u l t  w ith  a r y l  h a l id e s .  This i s  due to  
the resonance s t a b i l i z a t i o n  'r e s u l t in g  from co n ju g a tio n  between th e  
lone e le c tro n  p a i r s  about th e  halogen atom, and th e  arom atic  
nucleus. In  d ia z o n iu m 'h a lid e s  such co n ju g a tio n  does not occu r, and 
although c o n ju g a tio n  between th e  a rom atic  n u c leu s  and th e  diazonium  
group i s  p o s s ib le ,  th e  form al p o s i t iv e  charge p e rm its  e a s ie r  
n u c le o p h ilic  a d d it io n , which can be fo llow ed  by th e  e v o lu tio n  o f 
n itro g en  and th e  e v en tu a l s u b s t i t u t io n  o f th e  d iazo  group.
( I f  "U» c o n s is ts  o f  an arom atic  n u c leu s  th e  r e s u l t in g  azo compound 
would be s t a b i l i z e d  by resonance in v o lv in g  th e  two arom atic  n u c le i  
and th e  n itro g e n  atom s).
On r e a c tin g  a lk y l  h a l id e s  o r diazonium  s a l t s  w ith  po tassium  e th y l  
xan thate , a lk y l  o r a r y l  e th y l  x a n th a te s  a re  form ed which on a lk a l in e  
hydro lysis  y ie ld  t h i o l s .
S
N u cleo p h ile  ^
Ar-N=N-U —► Ar-U + N,2
K-S-C-OEt S Warm S
Ar-N=N-S-C-OEt ------- ► Ar-S-C-OEt
HOH
Ar-SH + COS + EtOH
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D isulphid.es can undergo re d u c tiv e  c leavage to  y ie ld  a lk y l 
t h io l s  . \
2[H]
R - S - S - R --------------  » 2 R-S-H
Z in c /S u lp h u ric  a c id
w h ils t re d u c tio n  o f  a r y l  su lphony l c h lo r id e s  i s  th e  more u su a l 
procedure f o r  p re p a rin g  a r y l  t h i o l s  '  ^ .
6lH]
Ar—SO 2^1 --------- ---------;------------ ? Ar—S—H + 2 H2O + HC1
Z in c /S u lp h u ric  a c id
The most g e n e ra l p rocedure  used  fo r  th e  p re p a ra t io n  o f a lk y l
th io ls  in v o lv e s  th e  r e a c t io n  between th io u re a  and an a lk y l  bromide
or io d id e .
A m olecule o f  th io u r e a  i s  s t a b i l i z e d  by resonance c o n tr ib u te d  
from th e  fo llo w in g  forms;.
/  ( - )  „ /  (-> /s=c s -c  s -c
\  \  ^  (+) 
hh2 nh2 nh2
and in  a r e a c t io n  in v o lv in g  n u c le o p h il ic  s u b s t i t u t io n ,  i t  may be
considered th a t  th e  io n ic  forms a re  th e  main c o n tr ib u to r s  to  th e  
s tru c tu re  o f th e  th io u r e a  m olecu le , as iso th io u ro n iu m  s a l t s  a re  
formed.
'■ H2N^  H2N^
-rX --------> \ - S - R  + X( '“ )
/  ^  /
h2n h2n
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Decomposition o f an iso th io u ro n iu m  s a l t  w ith  a lk a l i  y ie ld s  th e  f r e e  
is o th io u re a  which i s  u n s ta b le  and decomposes to  g ive  th e  
corresponding  t h i o l  and polym ers o f  cyanamide.
h2n (+)
(-) \\
HO + C-S-R » R-S-H + (H2NCK) + H20
/ X
H2N
T hio ls r e a d i ly  r e a c t  w ith  aqueous s o lu t io n s  o f  sodium or 
potassium  hydroxide to  y ie ld  th e  co rrespond ing  m ercap tid e ,
(-) (+)
RSH + EaOH —* R-S Na + H20
These io n ic a l ly  bonded m ercap tid es  are  o f te n  so lu b le  in  w a te r ,
and a c id i f ic a t io n  w i l l  cause th e  r e v e r s a l  o f th e  r e a c t io n  w ith  th e
reform ation  o f  th e  t h i o l .
In th e  p resence  o f  heavy m eta l s a l t s ,  such as th o se  o f m ercury,
copper or z in c , an a l k a l i  m e ta l m ercap tide  in  aqueous s o lu t io n  i-ri.ll
be p r e c ip i ta te d  as th e  c o v a le n tly  bonded heavy m eta l m ercap tid e ,
(- )  (+)
2 R-S Na  ^ + ZnCl2 — » (R -S)2Zn + 2 NaCl
When a p o ly v a len t m e ta l s a l t  i s  p re s e n t , th e  in te rm e d ia te  expected  
from a s tepw ise  r e a c t io n  o f th e  m ercaptan w ith  th e  s a l t  may be 
obtained.
, - (-) (+)
R-S Na + HgCl2 — * R-S-HgCl + NaCl
(-) (+)
R-S-HgCl + R-S Na ■---- . ( R S ^ g  + NaCl
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T h io ls  add to  o le f in s  t h a t  c o n ta in  an e le c tro n  w ithdraw ing
s u b s t i tu e n t ,  such as a n i t r i l e  group. The re a c t io n  i s  base
ca ta ly se d , and s in c e  i t  in v o lv e s  th e  t h i o l  an io n , a
n u c le o p h ilic  a d d it io n  o ccu rs .
(-)
OH (-)
R-S-H * R-S + H20
. (-) A  A (-)*R C1, GH2=CH-C=N r- s - ch2- ch=c=n
This anion i s  s t a b i l i z e d  by reso n an ce , and th e  m ajor c o n tr ib u tin g  
s tru c tu re  can be co n sid e red  to  be;
In an a c id ic  medium an o le f in  w i l l  add to  a t h i o l  to  g ive  a 
product p re d ic te d  by M arkow nikofffs r u le .  The i n i t i a l  s te p  in v o lv e s  
the p ro to n a tio n  o f  th e  o le f in ic  bond to  y ie ld  a carbonium  io n , 
which then  undergoes n u c le o p h i l ic  a t ta c k  by th e  su lp h u r atom in  th e  
th io l  grouping to  form a sulphonium  c a tio n .
(-)
r - s - c h 2-ch^c=n
which becomes p ro to n a te d
(-)
R-S-CH2-CH-C£N  f R-S-CH2-CH2-C£N + OH
f\ (+) (+)
(CH3 ) 2C=CH.CH3 + H — -f (CH3) 2C-CH2CH3
-  104  -
( + ) ‘
(CH3 ) 2 C-CH2 CH3  4=d (CH3 ) 2 C--CH2 CH3
)  R-S-H
R-S-H
(+)
(CH3) 2C-GH2CH3 + H 
S-R
N ucleophilic  su b s titu tio n  by a mercaptide anion i s  i l lu s t r a t e d  
by i t s  rea ctio n  w ith iodoacetam ide.
A-
(-)
OH ( - )
R-S-H   f R-S + H20
. .  ( - )  ( - )  
r - s :  , ch 2 - c o . r h 2 —■* R-S-CH2 -C0.NH2  + I
: —J  K
1
Oxidation o f a t h io l  grouping can y ie ld  various products 
depending upon the degree o f  ox id a tio n . The i n i t i a l  stage o f  
oxidation in v o lv es  the form ation o f d isu lp h id e lin k a g e s .
LOj
2 RSH » R-S-S-R + H20
(S3)Further ox id ation  can y ie ld  sulphonic acid s .
3 [0 ]
RSH :----- > RSOqH
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NUCLEOPHILIC ALIPHATIC SUBSTITUTION
NUCLEOPHILICITY
A n u cleoph ile  i s  a reagent which a c ts  by sharing or donating a pair  
of e lec tro n s about i t s  a ttack in g  atom to  a fo re ig n  atomic n u cleu s. 
This im p lies  th a t th e  a ttack ing atom in  th e  n u cleop h ile  must be 
read ily  p o la r isa b le , and th a t the greater i t s  p o la r is a b il i ty ,  the
greater w i l l  be the n u c le o p h ilic  a c t iv i ty ,  or n u c le o p h ilic ity , o f
/
the reagent.
(-)  (-)  (-)  (~)
R^ C > r2n > ro > f
Therefore, the above order o f  n u cleo p h iles  i s  th a t expected for the
order o f th e ir  n u c le o p h il ic ity .
In passing down a given group in  the p er iod ic  ta b le , th ere  i s  a 
decrease in  th e e le c tr o n e g a t iv ity  o f  th e  elem ents, and thus an 
increase in  th e ir  p o la r is a b i l i t y .  Therefore, the fo llo w in g  s e r ie s  
shows the order o f  n u c le o p h ilic ity  o f  elem ents in  such a group.
( - )  ( - )  ■(-)' ( - )
I  > . Br > Cl > F
In so lu tio n  a n u cleop h ile  w i l l  be so lv a ted , and i f  i t  i s  to  act
in i t s  capacity  o f  a n u c leo p h ile , th e "solvent cage" must be broken
in order to  permit a sharing or donation o f  i t s  e le c tr o n s . The 
greater the e lec tro n  d en s ity  i s  about th e n u cleo p h ile , the g rea ter  
w ill be i t s  so lv a tio n  energy in  a given so lv en t. In the previous
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s e r ie s  th e  g r e a te s t  e le c tro n  d e n s ity  i s  to  be found w ith  th e  f lu o r id e  
anion, and th e  l e a s t  w ith  th e  io d id e  o r R^C an io n s . Thus th e  
p rev ious o rd e rs  o f n u c le o p h i l ic i ty  w i l l  n o t on ly  be ex p ec ted  from 
c o n s id e ra tio n  o f  p o l a r i s a b i l i t y ,  bu t a lso  from th e  s o lv a tio n  e f f e c t .
In a g iven  s e r ie s ,  in v o lv in g  n u c le o p h ile s  w ith  th e  same 
a tta ck in g  atom, and th u s  th e  same degree o f  .p o l a r i s a b i l i t y ,  th e  
s tro n g es t n u c le o p h ile  w i l l  be t h a t  one whose a tta c k in g  atom has th e  
g re a te s t  c o n c e n tra tio n  o f  e le c t r o n ic  charg e . Thus th e  o rd e r o f 
n u c le o p h i l ic i ty  o f th e  fo llo w in g  n u c le o p h ile s  i s :
(-) (-) (-) (-) (-)
CH3-0  > H-0 > Fh-CHg-O > Fh-0 > CHjC-O > H20
0
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MECHANISM OF NUCLEOPHILIC ALIPHATIC SUBSTITUTION 
In n u c leo p h ilic  a lip h a t ic  su b s titu tio n  rea c tio n s , the breakage o f  
covalent bonds i s  by h e te r o ly s is ,  and th e ir  formation i s  by co­
ordination in  which th e  n u cleop h ile  a c ts  as a donor. These 
reaction s can occur by the two fo llo w in g  mechanisms:
Unimolecular mechanism S^l
N ucleophilic a lip h a t ic  su b stitu tio n  by a unim olecular mechanism takes  
place in  two s ta g e s . The i n i t i a l  stage i s  a slow, rate determ ining 
h etero ly s is  o f  a covalent bond in  th e su b strate;
f\ Slow (+)
R-X *------> R + X
which i s  rap id ly  fo llow ed by a fa s t  co -ord in ation  o f  the n u cleop h ile  
"Y", to  the carbonium io n .
„ f] (+)
Y R  ► I-R
Bimolecular mechanism S^2
N ucleophilic  a l ip h a t ic  s u b s t i tu t io n  by a b im o lecu la r mechanism ta k e s  
place in  a s in g le ,  slow  r a t e  de term in ing  s te p , du rin g  which th e  
nucleophile  and th e  s u b s t r a te  s im u ltan eo u sly  undergo a covalency  
change.
/ ]  f )  Slow 
Y R - X  > Y-R + X
(Charges on X and Y have been om itted)
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KINETIC CRITERION OF MECHANISM
In an 3^2 r e a c t io n ,  th e  r a t e  o f lo s s  o f s u b s tr a te  from th e  re a c t io n  
medium i s  no rm ally  g iven  by;
R ate = k2 (l].[R X ] 
and would th e re fo re  have a k in e t ic  o rd e r of tw o. However, i f  one 
of th e  r e a c ta n ts  MY" i s  p re se n t in  c o n s ta n t ex cess, th e  r e a c t io n  
becomes k i n e t i c a l l y  o f  th e  f i r s t  o rd e r , where th e  r a t e  i s  g iven  by:
R ate = kjtRXJ
In an S^-l r e a c t io n ,  where th e  r e v e r s a l  o f  h e te r o ly s i s  i s  
p o ss ib le ;
k f  (+) Y
R-X R + X > R-Y .
kp k c
the r a t e  o f  lo s s  o f  th e  s u b s tra te  from th e  re a c t io n  medium i s  g iven
by;
R ate = k f  [RX] 1 + kr [X]
k~[Y]
-1
and in  th e  extrem e case s  w here;
( l )  th e  r a t e  o f r e v e r s a l  o f  h e te r o ly s i s  i s  much g r e a te r  th a n  th e  
r a t e  o f  r e a c t io n  between th e  n u c le o p h ile  and th e  carbonium  
io n ;
R ate = k 1 [RX]. [y! . [X]”"1
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and f u r th e r ,  i f  th e  e je c te d  group o r atom i s  always p re se n t 
in  a c o n s ta n t ex cess:
R ate = k2* [KX].[X1
(2) th e  r a t e  o f r e v e r s a l  o f h e te r o ly s i s  i s  f a r  l e s s  th a n  th e  
r a t e  o f  r e a c t io n  between th e  n u c le o p h ile  and th e  carbonium 
io n :
Rate = k^fRX]
/ (Charges on X and Y have been om itted )
An S^l r e a c t io n  can th e re fo re  have k in e t ic  o rd e r o f one, two, 
or an o rd e r which i s  n o t an i n t e r g r a l .
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POLAR EFFECTS ON THE RATE AND MECHANISM
(1) P o la r  e f f e c t s  dependent upon th e  n a tu re  o f  uR;t .
The l,+Iu in d u c tiv e  e f f e c t  o f  an a lk y l  group WR'! w i l l  be a t  i t s  
g re a te s t  when a maximum degree of branching  occurs w ith in  th e  g roup. 
Thus in  th e  fo llo w in g  s e r ie s  th e  s t ro n g e s t  W+Irt e f f e c t  i s  e x e r te d  
by a t - a l k y l  group and th e  w eakest by a p -a lk y l  group.
( C H j ^ C - X  > ( C H ,) ^ 3 H -X  > C H j-C H g -X  > H -C H g-X  
Of th e  v a rio u s  ty p es  of (X-carbon atom in  a lk y l  s u b s t r a te s ,  a 
nuc leoph ile  in  an S^2 r e a c t io n  w i l l  most r e a d i ly  a t ta c k  th e  one;
(a ) which has th e  lo w est e le c t ro n  d e n s ity ;  as th en  th e  
approaching n u c le o p h ile  w i l l  ex p erience  a minimum 
e l e c t r o s t a t i c  r e p u ls io n .
(b ) where th e  e le c tro n s  o f  th e  C-X bond can more r e a d i ly  be 
d isp la c e d  tow ards th e  UXU group o r atom; as th e n  bond 
h e te r o ly s i s  w i l l  occur more r e a d i ly .
(c ) which in  th e  t r a n s i t i o n  s t a t e  w i l l  have th e  g r e a te r  degree 
o f s t a b i l i z a t i o n  by h y p e rco n ju g a tio n . When t h i s  occurs a 
sm a lle r  a c t iv a t io n  energy  i s  re q u ire d  fo r  th e  r e a c t io n ,  
which w i l l  th e n  p roceed  a t  a f a s t e r  r a t e .
Factor (a ) i s  most fav o u red  by a p -a lk y l  s u b s t r a te ,  and l e a s t  
favoured by a t - a l k y l  s u b s t r a te ,  w h ils t  f a c to r s  (b) and (c )  a re  
most favoured  by a  t - a l k y l  s u b s t r a te .  However, s in c e  i t  i s  found
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th a t  th e  r e l a t i v e  r a t e s  o f  th e  r e a c t io n  in v o lv in g  a lk y l  
s u b s tra te s  i s ;
Me-X > Et-X  > Pr^-X > B ^-X
fa c to r  (a )  must outw eigh f a c to r s  (b) and ( c ) .
In  an S ^ l r e a c t io n ,  f a c to r  (a )  does n o t p lay  any p a r t  in  th e  
i n i t i a l  slow h e te r o ly s i s .  T h e re fo re , as ex p ec te d , th e  r e l a t i v e
ra te s  o f an S ^ l r e a c t io n  in v o lv in g  a lk y l  s u b s t r a te s  i s  g iven  byj
Bu^X  > R ^-X  > Et-X  > Me-X
/
I t  i s  t o  be ex p ec ted , from what has a lre a d y  been s ta t e d ,  t h a t  
a t - a lk y l  s u b s tr a te  would more r e a d i ly  undergo a  n u c le o p h ilic  
s u b s t i tu t io n ,  under 11 normal" c o n d it io n s , by a  un im o lecu lar 
mechanism, w h ils t  a p -a lk y l  s u b s t r a te  would more r e a d i ly  undergo 
the s u b s t i tu t io n  by a b im o le c u la r  mechanism. Between th e s e  two 
extremes of mechanism l i e s  a re g io n  o f m ech an is tic  charg e , where 
the o rder i s  in te rm e d ia te  between f i r s t  and second; w ith in  t h i s  
region l i e s  th e  s - a lk y l  s u b s t r a te s .
(2) P o la r e f f e c t s  dependent upon th e  n a tu re  o f  th e  n u c leo p h ile  
The ra te  of an S-^2 r e a c t io n  i s  f a s t e s t  f o r  th o se  re a g e n ts  which have 
the s tro n g e s t  n u c le o p h i lic  a c t i v i t y ,  and which a re  p re s e n t  in  th e  
la rg e s t  c o n c e n tra tio n s .
T h e .ra te  o f  S ^ l r e a c t io n s  w i l l  be independen t of th e  n u c leo p h ile  
as long as th e  i n i t i a l  h e te r o ly s i s  i s  i r r e v e r s i b l e .  I f  th e  i n i t i a l  
h e te ro ly s is  i s  r e v e r s ib le ,  th e  carbonium  ions w i l l  be ab le  to
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recombine w ith  th e  d isp la c e d  groups or atoms "Xu to  reform  th e  
s u b s t r a te .  However, i f  a  n u c leo p h ile  i s  p re s e n t ,  the  carbonium 
ions w i l l  have an a l t e r n a t iv e  r e a c t io n  c o u rse , which in c re a se s  in  
im portance as th e  n u c le o p h i l ic i ty  o f th e  re a g e n t in c re a s e s . The 
ra te  o f lo s s  o f th e  s u b s tr a te  from th e  r e a c t io n  medium w i l l  th e re fo re  
be in c re a se d  by u sin g  a s tro n g e r  n u c le o p h ile .
(3) P o la r  e f f e c t s  dependent upon th e  n a tu re  o f  th e  d isp la c e d  group
/
The n a tu re  of th e  d isp la c e d  group o r atom WX" a f f e c t s  th e  r a t e  o f a 
unim olecular or b im o lecu la r n u c le o p h ilic  s u b s t i t u t io n  re a c t io n  by 
about th e  same e x te n t .
I t  has been found th a t  f o r  a g iven  r e a c t io n  in v o lv in g  th e  
displacem ent o f  ha logen  atoms from a lk y l  h a l id e s ,  th e  o rd er o f r a te s  
of r e a c tio n  was g iven  by:
R -I > R-Br > R-Cl > R-F 
This o rder i s  ex pec ted  fo r  th e  d ecrease  in  th e  carbon-halogen  bond
s tre n g th .
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EFFECT OF SOLVENT ON RATE AND MECHANISM
A charged o r  p o la r  e n t i t y  i s  s a id  to  be s o lv a te d  when i t  i s  
surrounded by so lv en t m olecu les which a re  h e ld  in  p o s i t io n ,  as a 
"so lvent cag e11, by e l e c t r o s t a t i c  fo rc e s  o f  a t t r a c t i o n .  Work w i l l  
thus be done by th e  system , and as a r e s u l t  of th e  lo ss  of energy  • 
(so lv a tio n  en e rg y ), th e  system  w i l l  become more s t a b i l i z e d .
Therefore th e  s t a b i l i t y  of a system  c o n s is t in g  o f  a g iven  e n t i ty  in
so lu tio n , w i l l  be in c re a s e d  by u s in g  a so lv en t where g r e a te r
/
a t t r a c t iv e  fo rc e s  e x i s t  between i t s  m olecu les and th e  e n t i t y .  Such
a so lven t i s  ty p i c a l ly  one which has a l a r g e r  d ip o le  moment.
F urther, in c re a s in g  th e  m agnitude o f  th e  charge on th e  e n t i t y ,  o r
decreasing  th e  e x te n t o f  i t s  d is p e r s a l  over th e  e n t i ty ,  w i l l  cause
g re a te r  a t t r a c t i v e  fo rc e s  between th e  e n t i ty  and a g iven  so lv e n t,
re s u lt in g  ag a in  in  a g r e a te r  s t a b i l i t y  o f th e  system .
A n u c le o p h ilic  re a g en t must be one which I s  e i th e r  n e u t r a l ,  bu t
possesses a p o la r is a b le  e le c tro n  p a i r ,  o r i s  n e g a t iv e ly  charged .
The s u b s tra te  in  a n u c le o p h i l ic  s u b s t i t u t io n  r e a c t io n  must be one
which i s  n e u t r a l ,  o r p o s i t iv e ly  charged . Thus fo u r  p o s s ib le
com binations can occur in  an S„ 2 r e a c t io n ,  and two p o s s i b i l i t i e s
N
e x is t fo r  an S ^ l r e a c t io n .  These p o s s i b i l i t i e s  are  g iven  in  th e  
follow ing t a b l e ,  to g e th e r  w ith  th e  charge d i s t r i b u t io n  o f  the- 
a c tiv a ted  complex in  th e  t r a n s i t i o n  s t a t e  o f  th e  r e a c t io n .
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R e a c t i o n
D i s p o s i t i o n  o f  c h a r g e s  
I n i t i a l  T r a n s i t i o n  
s t a t e  s t a t e
E f f e c t  o f  
a c t i v a t i o n  
o n  c h a r g e s
% 2
1 . HO 4 - B C 1-*  ROH +  C l 8 -  S -
Y 4- RX Y* • *R* • *X D i s p e r s e d
I  4- R C 1 - + R I  +  C l
2 . H3 N 4- R C l—> R& 3  4- C l S 4 - 8 —
h 2 o  +  r c i - » r S h 2  4 - C l
Y +  RX Y* • • R* • *X I n c r e a s e d
— ' 4-
3 . HO +  RNR3 ' —>R0H 4- NR3 1 _  4 - 8 — 8 4-
— 4~ Y +  RX Y» • • R* • «X R e d u c e d
I  4- xRNR3 i - ^ R I  4- NR3 *
4* 4-
4* H3 N 4- R SR 2 1 -»  RMH3  4- S R 2 1 + 8 4" 614*
+ *r Y + RX Y» • • R* • • X D i s p e r s e d
h 2 o  +  r s r 2 !~* r o h 2  +  s r 2 '
8 4- &—
5* RX R -* X I n c r e a s e d
4b S 4- &4"
6. RX R -* X D i s p e r s e d
I n  r e a c t i o n s  1 ,  k> a n d  6 ,  t h e  c h a r g e  o n  t h e  a c t i v a t e d  c o m p l e x  
i s  m o re  d i s p e r s e d  t h a n  i n  t h e  r e a c t a n t s ,  e n d  a l t h o u g h  i n c r e a s i n g
t h e  p o l a r i t y  o f  t h e  s o l v e n t  w i l l  c a u s e  a  g r e a t e r  f o r c e  o f  a t t r a c t i o n  
b e t w e e n  t h e  s o l v e n t  m o l e c u l e s  a n d  b o t h  r e a c t a n t s  a n d  t h e  a c t i v a t e d  
c o m p le x ,  t h e  e x t e n t  o f  t h i s  i n c r e a s e  w i l l  b e  g r e a t e r  w i t h  t h e  
r e a c t a n t s  t h a n  w i t h  t h e  a c t i v a t e d  c o m p l e x .  T h u s  t h e  r e a c t a n t s  w i l l  
b e c o m e  s t a b i l i z e d  t o  a  g r e a t e r  e x t e n t  t h a n  t h e  a c t i v a t e d  c o m p l e x ,
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causing  th e  S^l and S^2 r e a c t io n s  to  occur a t  a slow er r a t e .  In 
r e a c t io n s  2 and 5* th e re  i s  a la rg e  in c re a s e  in  charge about th e  
a c t iv a te d  complex, compared to  th e  la c k  o f  charge a s s o c ia te d  w ith  
the r e a c ta n ts .  In c re a s in g  th e  p o la r i ty  o f th e  so lv en t w i l l  cause 
the  a c t iv a te d  complex to  be s t a b i l i z e d  to  a g r e a te r  e x te n t th e n  th e  
re a c ta n ts ,  r e s u l t in g  in  a la rg e  in c re a s e  in  th e  r a t e  o f th e  S-^l and 
Sj^ 2 r e a c t io n s .  In r e a c t io n  3 th e  charge in  th e  a c t iv a te d  complex i s  
l e s s ,  and more d isp e rse d  th an  in  th e  r e a c ta n ts .  In c re a s in g  the  
p o la r i ty  o f  th e  so lv en t w i l l  cause th e  r e a c ta n ts  to  be s t a b i l i z e d  to  
a f a r  g r e a te r  e x te n t th a n  th e  a c t iv a te d  complex, r e s u l t in g  in  a 
r e l a t iv e ly  la rg e  d ecrease  in  th e  r a t e  o f  th e  S^2 r e a c t io n .
The a c t iv a te d  complex o f  an Sjj2 r e a c t io n  has th e  charged  d isp e rse d  
over a l a r g e r  re g io n  o f  space th a n  in  th e  a c t iv a te d  complex o f th e  
corresponding S ^ l r e a c t io n .  T h e re fo re , in c re a s in g  th e  p o la r i ty  o f
the  so lv en t would f a c i l i t a t e  an S^l r e a c t io n  to  a g r e a te r  e x te n t th a n  
the  co rrespond ing  S]\j2 r e a c t io n .  I f  th e  p o la r i ty  o f th e  so lv en t .is  
s u f f ic ie n t ly  l a r g e ,  th e  b im o lecu la r r e a c t io n  may become u n im o lecu la r . 
In f a c t ,  u s in g  form ic a c id  as th e  so lv e n t in  th e  h y d ro ly s is  o f  a lk y l  
bromides, th e  o rd e r  o f th e  r e a c t io n  r a t e  was found to  be ;
R = t~Bu > i - P r  > Efc > Me 
showing th a t  th e  p -a lk y l  s u b s tr a te  was undergoing  an S^ l r e a c t io n .
I f  th e  p o la r i ty  o f  th e  so lv e n t i s  s u f f i c i e n t l y  d ecreased  a
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u n im o lecu lar r e a c t io n  may become b im o le c u la r . In  f a c t ,  u s in g  d ry  
acetone as a so lv e n t in  th e ' F in k e ls te in  r e a c t io n ,  th e  o rd e r  of th e
r a te s  o f  th e  r e a c t io n  was found to  be ;
R = Me > Et > i - P r  > t~Bu
showing th a t  th e  t - a l k y l  s u b s tr a te  was undergoing  an S^2 re a c t io n .
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MASS LAW EFFECT ON RATE
An i r r e v e r s ib l e  S ^ l r e a c t io n  w i l l  be k in e t i c a l l y  of th e  f i r s t  order,, 
However, t h i s  w i l l  n o t be th e  case i f  th e  r e a c t io n  i s  r e v e r s ib le ,
, kf  + -  Y~ -  -
■ _ R -X ^ h R  + X  » R-Y+ X
kr  k Q
As h e te r o ly s i s  p roceeds and th e  fo rn ed  carbonium  ion  r e a c ts  w ith  
the n u c le o p h ile  UI U, th e re  i s  an in c re a se  in  th e  c o n c e n tra tio n  o f 
the ltXu an io n  in  th e  medium. The r e v e r s a l  o f h e te r o ly s i s  w i l l  th u s  
gain in  im portance , and th e  f i r s t  o rd e r r a te  c o n s ta n t w i l l  become 
p ro g re s s iv e ly  r e ta rd e d . T his r e ta r d a t io n  w i l l  be f u r th e r  enhanced 
by the  a d d i t io n  to  th e  r e a c t io n  medium o f the  common an ion  11X" .
A dd ition  o f a  non-common an ion  to  th e  medium w i l l  a id  in  th e  
removal o f th e  carbonium  io n .
A d d itio n  o f a non-common an ion  to  an i r r e v e r s ib l e  S^2 re a c t io n  
may a c c e le r a te  th e  r a t e  o f lo s s  o f th e  s u b s t r a te ,  by i t s  r e a c t io n  
in  th e  c a p a c ity  of a n u c le o p h ile .
-  l i d  -
IONIC STRENGTH EFFECT ON RATE
Independent o f th e  mass law e f f e c t s ,  a re  th e  e l e c t r o s t a t i c  e f f e c t s  
connected w ith  th e  io n ic  s tr e n g th  o f th e  medium in  which th e  r e a c t io n  
occurs.
High io n ic  s tre n g th s  w i l l  favou r a r e a c t io n  which r e s u l t s  in  th e  
form ation  of a d ip o la r  a c t iv a te d  complex. However, i f  th e  charge 
of th e  r e a c ta n ts  i s  p a r t i a l l y  n e u tr a l iz e d  or d isp e rse d  in  the  
a c t iv a te d  complex, th e  r e a c t io n  w i l l  p roceed  more ra p id ly  in  a 
so lu tio n  o f low io n ic  s t r e n g th .  Thus th e  io n ic  s t r e n g th  e f f e c t s  o f 
the r e a c t io n  medium a re  in  the  same d i r e c t io n  as ex pec ted  fo r  a 
so lven t o f in c re a se d  p o la r i t y .
The m agnitude o f th e  io n ic  s t r e n g th  e f f e c t  i s  m od ified  by th e  
surrounding s o lv e n t .  The e l e c t r o s t a t i c  fo rc e s  e x e r te d  by th e se  ions 
w ill  be g r e a te s t  in  a medium w ith  a low d i e l e c t r i c  c o n s ta n t.
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STERIC EFFECTS ON RATE
S te r ic  e f f e c t s  a r i s e  from e l e c t r o s t a t i c  fo rc e s  between non-bonded 
atoms, which i f  to o  c lo se  to  each o th e r  w i l l  cause mutual, rep u ls io n #
I f  in  th e  a c t iv a te d  complex th e  s t e r i c  re p u ls io n  i s  g r e a te r  th a n  
th a t  in  th e  r e a c ta n ts ,  th en  th e  r e a c t io n  would r e q u ire  a -g r e a te r  
a c t iv a t io n  energy th a n  expec ted  in  o rd e r to  overcome t h i s  in c re a se d  
re p u ls io n . The r e a c t io n  r a te  would th e re fo re  d e c rea se , and th e  
re a c tio n  i s  s a id  to  have s t e r i c  h in d ran ce  o r r e ta r d a t io n .  On th e  
o ther hand, i f  th e  fo rm ation  o f  th e  a c t iv a te d  complex le a d s  to  a 
re le a s e  o f s t e r i c  re p u ls io n  p re se n t in  th e  r e a c ta n ts ,  th e n  th e  r a te  
of th e  r e a c t io n  i s  g r e a te r  th a n  i f  no s t e r i c  re p u ls io n  had e x is te d ,  
and th e  r e a c t io n  i s  s a id  to  have s t e r i c  a c c e le r a t io n .
In th e  a c t iv a te d  complex o f an S^2 re a c t io n  th e re  w i l l  be f iv e  
atoms o r groups ’’a tta c h e d "  to  th e  carbon atom a t  which th e  r e a c t io n  
occurs* This crowding le a d s  to  s t e r i c  re p u ls io n  in  th e  a c t iv a te d  
complex which i s  in  excess o f  t h a t  in  th e  r e a c ta n ts .  In  f a c t  th e
s te r ic  re p u ls io n  in  th e  r e a c ta n ts  can be co n sid e red  to  be r e l a t i v e l y  
n e g lig ib le . The e x te n t o f  th e  s t e r i c  r e p u ls io n  w i l l  in c re a s e  as th e  
atoms o r groups " a tta c h e d "  to  th e  a tta c k e d  carbon atom become 
b u lk ie r, (th e  e f f e c t  be ing  more mo.rked in  th e  a c t iv a te d  complex th a n  
in  th e  r e a c ta n t s ) .
The' r e l a t i v e  r e a c t io n  r a t e s  o f th e  brom ide-brom ide exchange 
reac tio n  in  acetone  a t  25°> a re :
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R = Me Et n~Pr i-B u  neo-Pe
1 .0 0  0.013 0.0085 0.00044 2 x l 0 “7
* ( - )  * (->
Br + RBr — > RBr -f Br
These r e s u l t s ,  as expec ted , in d ic a te  t h a t  th e  s iz e  o f  th e  a lk y l  
group w i l l  a f f e c t  th e  r a t e  o f th e  r e a c t io n ,  and th a t  as th e  atoms 
or groups in  each a lk y l  group become b u lk ie r ,  so th e  r a t e  d ec rea se s  
due to  in c re a s in g  s t e r i c  r e t a r d a t io n  in  th e  a c t iv a te d  complex.
I t  m ight be c o n s id e red  th a t  th e  above d ecrease  in  th e  r e a c t io n  
ra te s  a r i s e s  from th e  " t l "  in d u c tiv e  e f f e c t  of th e  a lk y l  group "R" 
in  the  a lk y l  bromide m o lecu le . However, th e  r e l a t i v e  m agnitude o f 
such e f f e c t s  would be as fo llo w sj
R = Me < Et -  (n-R r, i-B u , neo-Pe) 
causing an o rd e r  o f  r e a c t io n  r a t e s  o fj
R = Me > Et -  (n-R r, i-B u , neo-Pe) 
which i s  d i f f e r e n t  from th a t  found e x p e r im e n ta lly . Thus, h e re , 
in d u c tiv e  e f f e c t s  are sm all compared to  th e  s t e r i c  e f f e c t s .
The e x te n t o f  s t a b i l i z a t i o n ,  by h y p e rco n ju g a tio n , o f th e  
a c tiv a te d  complex in  th e  brom ide-brom ide exchange r e a c t io n ,  would
be expected to  be in  th e  fo llo w in g  o rd e r :
R = Et > n -P r  > i-Bu. > neo-Pe
Thus th e  r e l a t i v e  r a t e s  o f  r e a c t io n  ex pec ted  as a r e s u l t  of
hypercon jugative  e f f e c t s ,  a re  th e  same as t h a t  found e x p e r im e n ta lly .
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However, hyperconjugative e f f e c t s  are sm all in  magnitude, and 
cannot alone exp la in  th e r e la t iv e ly  large  decreases in  the rea ctio n  
rates th a t are observed on passing along the above s e r ie s  of a lk y l  
bromides*
The r a t e  o f r e a c t io n  i s  a lso  dependent upon th e  en tro p y  of 
a c t iv a t io n ,  which i s  a m easure o f th e  degree  o f  randomness in  th e  
a c tiv a te d  complex compared w ith  t h a t  in  th e  re a c ta n ts*  I f  th e  
degree o f randomness in  th e  r e a c ta n t s  i s  reduced , t h a t  in  th e  
complex o f an S^2 re a c t io n  w i l l  be reduced  by a g r e a te r  e x te n t ,  and 
as a r e s u l t  th e  'en tro p y  of. a c t iv a t io n  w i l l  become more n e g a tiv e , 
thus causing  a d ecrease  in  th e  r e a c t io n  r a t e .
The groups p re sen t in  th e  r e a c ta n ts  and a c t iv a te d  complex w i l l  
only be ab le  to  o r ie n ta te  them selves where s t e r i c  r e p u ls iv e  fo rc e s  
are a t a minimum. S u b s t i tu t in g  a f u r th e r  group, f o r  a hydrogen 
atom, in to  a r e a c ta n t ,  w i l l  r e s u l t  in  a f a r  g r e a te r  in c re a s e  in  
the s t e r i c  re p u ls iv e  e f f e c t  in  th e  a c t iv a te d  complex th a n  in  th e  
re a c ta n t i t s e l f .  Thus th e re  w i l l  be a g r e a te r  d ecrease  in  th e  
degree o f randomness in  th e  complex th a n  in  th e  r e a c ta n ts ,  and th e  
entropy o f a c t iv a t io n  would be red u ced . In  p a ss in g  along  th e  
follow ing s e r i e s ;
MeBr, E tB r, n -P rB r, i-B uB r, neo-PeBr 
there  w i l l  be in c re a s in g  s t e r i c  re p u ls iv e  fo rc e s  l im i t in g  th e  
possib le  c o n f ig u ra tio n s  o f  th e  v a rio u s  groups in  each a lk y l  bromide
m olecule. The r e l a t i v e  en tro p y  o f a c t iv a t io n  o f  th e  a lk y l  bromide 
would bej
MeBr ) EtBr ) n -P rB r > i-B uB r > neo-PeBr 
end s im i la r ly  th e  above o rd e r would g iv e  th e  r e l a t i v e  r e a c t io n  r a te  
However th e  m agnitude o f th e  e n tro p y  o f  a c t iv a t io n  e f f e c t  i s  sm all, 
and l ik e  th e  h y p e rco n ju g a tiv e  e f f e c t ,  cannot a lone e x p la in  th e  
r e l a t iv e ly  la r g e  d e c rea se s  in  th e  r e a c t io n  r a t e s  t h a t  a re  observed  
in  pass in g  along th e  above s e r ie s  o f  a lk y l  brom ides.
In an Sjjl r e a c t io n ,  any s t e r i c  re p u ls io n  in  th e  r e a c ta n ts  i s  
re le a se d  in  th e  fo rm atio n  o f  th e  a c t iv a te d  complex, and s t e r i c  
a c c e le ra tio n  w i l l  o ccu r.
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E X P E R I M E N T A L
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PREPARATION OF p-TOLUNITRILE
( 85)Reduction- o f  cupric ch lorid e  to  cuprous ch lorid e  • '
A s o lu t io n  o f sodium b is u lp h i te  (177 g .)  and sodium hydroxide 
(117 g . )  in  w ater (1333 m l.)  was added w ith  s t i r r i n g ,  over a 
period  of 10 m in u tes , to  a s o lu t io n  o f h y d ra ted  c u p ric  su lp h a te  
(833 go) and sodium c h lo r id e  (217 g .)  in  ho t w ater (2667 m l,) .
The mixture was allow ed t o  co o l to  room temperature and the 
p recip ita ted  cuprous ch lo r id e  was then washed sev era l tim es w ith  
cold w ater.
( 86)Conversion o f cuprous ch lorid e  to  cuprous cyanide ^
A s o lu tio n  o f 96-98% sodium cyanide (433 g .)  in  w a ter (667 m l.)  was 
added dropw ise to  a s t i r r e d  su sp en sio n  o f  th e  cuprous c h lo r id e  in  
water (1333 m l .) ,  and th e  r e s u l t in g  c o lo u r le s s  cuprous cyanide 
so lu tio n  was l e f t  to  c o o l  to  room te m p e ra tu re .
D ia z o tis a tio n  of p - to lu id in e
Throughout th e  d ia z o t i s a t io n  o f p - to lu id in e ,  a l l  s o lu tio n s  were 
m aintained below fP by th e  a d d it io n  o f c rushed  ic e .
A s o lu t io n  of sodium n i t r i t e  (187 g . )  in  w a ter (533 m l.)  was 
added over a p e rio d  of 35 m inutes to  a s t i r r e d  susp en sio n  of cru shed  
p -to lu id in e  (285 g»; b .p . 201-202°)in  c o n c e n tra te d  h y d ro ch lo ric  
acid  (667 m l, )0 However, 15 m inutes a f t e r  th e  f i n a l  a d d itio n ^  
s ta rch -p o tass iu m  io d id e  p aper in d ic a te d  t h a t  th e re  was no n i t ro u s
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ac id  p re s e n t in  th e  c le a r  so lu tio n ,, F u r th e r  sm all q u a n t i t ie s  o f 
sodium n i t r i t e  s o lu tio n  were added., u n t i l  15 m inutes a f t e r  an 
a d d it io n , s ta rc h -p o ta s s lu m  io d id e  paper in d ic a te d  th e  presence  o f  
a s l i g h t  excess of n i t r o u s  a c id  in  th e  c le a r  diazonium  s a l t  
s o lu t io n , -
( 86)
Conversion o f to lu en e  p-diazonium  c h lo rid e  to  p - t o l u n i t r i l e
W hilst a  tem p era tu re  below 5° was m a in ta in ed , the  s o lu t io n  o f 
to luene  p-diazonium  c h lo r id e  was n e u tr a l iz e d  by th e  a d d i t io n , w ith  
s t i r r i n g ,  o f anhydrous sodium ca rb o n a te . This n e u tr a l iz e d  s o lu t io n ,  
m ain tained  below 5° 9 was added over a p e rio d  of 4-5 m inutes to  a 
v ig o ro u sly  s t i r r e d  m ixture o f th e  aqueous cuprous cyanide s o lu t io n  
and to lu en e  (667 m l .) .  Follow ing th e  a d d i t io n  of th e  diazonium  s a l t  
so lu tio n , th e  s t i r r i n g  was co n tin u ed  f o r  a f u r th e r  30 m inutes w h ils t  
the tem p era tu re  was below 5 °? and th e n  fo r  a f u r th e r  2 hours as th e  
tem perature was a llow ed to  re a c h  th a t  o f th e  room. The r e a c t io n  
mixture was th en  warmed up to  50° on a w a ter b a th , and when co o l th e  
lower aqueous la y e r  was syphoned o f f .  The to lu e n e  s o lu t io n  was steam 
d i s t i l l e d  and th e  r e s u l t a n t  l iq u id  la y e r s  o f th e  d i s t i l l a t e  were 
sep a ra ted . The aqueous la y e r  was e x tra c te d  w ith  to lu e n e , and th e  
to luene e x t r a c ts  were combined w ith  th e  main to lu e n e  d i s t i l l a t e ,  
which was th e n  d r ie d  over anhydrous, calcium  c h lo r id e . The d ry , 
f i l t e r e d ,  orange to lu e n e  s o lu t io n  was f r a c t i o n a l ly  d i s t i l l e d  u sin g  
a 90 cm, g la s s  h e lix -p a ck e d  .column a t  a tm ospheric  p re s su re , u n t i l
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the  to lu e n e  had d i s t i l l e d  o f f .  The rem ain ing  l iq u id  in  th e  
d i s t i l l a t i o n  f la s k  was th e n  f r a c t io n a l ly  d i s t i l l e d  under reduced  
p re s su re , and th e  f r a c t io n  b o i l in g  a t  104.-106°/2 3 -25 mm. was 
r e d i s t i l l e d  y ie ld in g  a c o lo u r le s s  d i s t i l l a t e  of p - t o l u n i t r i l e  
(189 g* '5 y ie ld  61%) 9 b .p , 104--106°/20-23 mm.
The d i s t i l l a t e  s o l i d i f i e d  on coo ling  to  a w hite  s o l id .
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PREPARATION OF 4-CYANOBENZYL CHLORIDE
p -T o lu n i t r i le  (209 g . ) was p laced  in to  a th re e  necked f l a s k  f i t t e d  
w ith a condenser, therm om eter, and a gas i n l e t  tu b e . The f la s k  
was warmed, and th e  p - t o l u n i t r i l c  was m a in ta in ed  a t  a tem pera tu re  
of 120-13*? w h ils t  a v e ry  slow  stream  o f dry  c h lo r in e  gas was 
bubbled th ro u g h  the  l iq u id .  During th e  passage o f  th e  gas th ro u g h  
the l iq u id ,  th e  f l a s k  was i l lu m in a te d  by a 500 w att bu lb  a few 
inches from i t s  s u r fa c e . A fte r  10J- h o u rs , when an in c re a se  in  
weight o f 47 grams was n o te d , i . e .  95% r e a c t io n ,  th e  passage of 
the c h lo r in e  was d isc o n tin u e d  and th e  crude 4-cyanobenzyl c h lo r id e  
was poured in to  a  d ish  where i t  was l e f t  to  c o o l. The yellow  s o l id  
mass was th e n  tw ice  crushed  w ith  ic e - c o ld  m ethanol and each tim e 
f i l t e r e d  o ff  a t  th e  pump.
The f i l t r a t e s  were combined, and fo llo w in g  th e  rem oval by 
d i s t i l l a t i o n  o f th e  m ethanol, th e  r e s id u a l  mass was d i s t i l l e d  under 
reduced p re s su re  in  o rd er to  e x t r a c t  any u n re a c te d  p - t o l u n i t r i l e  
(43 go | b .p .  9 1 -93* 5 ° /l5  mm.).
The w hite  re s id u e  was re p e a te d ly  r e c r y s t a l l i z e d  from dry e th e r  
to  y ie ld  4-cyanobenzyl c h lo r id e  (131 g . j y ie ld  based  upon 
p - to l u n i t r i l e  consumed 61%), m .p. 7 9 .5 -8 0 .5 ° .
PREPARATION OF p-CHLORCMETHYLBENZALDEHYDE
(88)Preparation o f anhydrous stannous ch loride v 1
Crushed stannous c h lo rid e  d ih y d ra te  (500 g») was slow ly  added, w ith  
s t i r r i n g ,  to  a c e t ic  anhydride (560 g. ; b .p . 139»5-14-0.5° )• The 
s t i r r i n g  was co n tin u ed  f o r  a f u r th e r  hour a f t e r  th e  f i n a l  a d d i t io n ,  
and th en  th e  anhydrous stannous c h lo rid e  was f i l t e r e d  o f f  a t  th e  pump. 
By re p e a te d  w ashings w ith, dry e th e r  th e  re s id u e  was washed f re e  o f 
a c e tic  a c id ,  and th e  w h ite , anhydrous s tannous c h lo r id e  was th en  
d ried  in  a vacuum d e s ic c a to r  over anhydrous c a lc  rum c h lo rid e  and 
potassium  hydrox ide .
P rep a ra tio n  o f  p -ch lo ro n e th y lb en za ld eh y d e
A ll the  chem icals and a p p a ra tu s  used in  the  p re p a ra t io n  of th e  
a ld im in e -s ta n n ic h lo r id e  complex were th o ro u g h ly  d r ie d . W ater vapour 
was p rev en ted  from e n te r in g  th e  ap p ara tu s  by th e  use o f calcium  
ch lo rid e  d ry ing  tu b e s .
In to  a th re e  necked f l a s k ,  f i t t e d  w ith  a wide—bore gas i n l e t  
tube, m ercury s e a le d  s t i r r e r ,  and a calcium  c h lo r id e  d ry ing  tu b e , 
were p laced  crushed  anhydrous s tannous c h lo r id e  (80 g . )  and dry 
e th e r (1400 m l .) .  The f la s k  was surrounded  by an i c e - s o l i d  carbon 
dioxide m ix tu re .
Hydrogen c h lo r id e  g a s , d r ie d  by i t s  passage through, c o n c e n tra te d  
su lphuric  a c id  and anhydrous calcium  c h lo r id e ,  was passed  th rough
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the  s t i r r e d  suspension  in  th e  f l a s k ,  and a f t e r  h a l f  an hour some 
dense o i l  was n o ted . The q u a n ti ty  of t h i s  y e llo w ish  o i l  in c re a se d  
w ith tim e , and th e  q u a n ti ty  of th e  w hite su sp en sio n  d ecreased . 
E v en tu a lly  th e  q u a n ti ty  o f o i l  reached  a maximum and th en  decreased  
u n t i l ,  when no w hite su sp en sio n  rem ained, a c le a r  c o lo u r le s s  
homogeneous s o lu t io n  was p re se n t (2-4- h o u rs ) . The passage o f th e  
hydrogen c h lo r id e  th rough  th e  s t i r r e d  s o lu t io n  was co n tin u ed  f o r  
a f u r th e r  h a l f  an hour.
A f te r 'th e  dropw ise a d d i t io n  of a c o lo u r le s s  s o lu t io n  o f  dry  
4-cyanobenzyl c h lo r id e  (50 g .)  in  dry  e th e r  (4-00 m l.) to  th e  
s t i r r e d ,  c h i l l e d  c o n te n ts  o f the  f l a s k ,  dry hydrogen c h lo r id e  was 
repassed  th ro u g h  th e  r e s u l t a n t  s t i r r e d ,  c h i l l e d  suspension  u n t i l  a 
copious e x i t  o f th e  gas from th e  f la s k  in d ic a te d  th a t  r e s a tu r a t io n  
had been ach iev ed  (1-2  h o u rs ) . The m ixture  was th e n  l e f t  a t  room 
tem perature  fo r  4-~7 days, w ith  o c ca s io n a l s t i r r i n g .  During t h i s  
period  th e re  was d e p o s ite d  in  th e  e th e r e a l  s o lu t io n  a dense, v isco u s  
o i l  which co n ta in ed  a l i t t l e  s o l id .  A fte r  4--7 days th e  c l e a r ,  
co lo u rle ss  su p e rn a ta n t e th e r  was decan ted  o f f  and th e  r e s id u a l  mass 
of the  a ld im in o -s ta n n ic h lo r id e  complex was washed w ith  dry e th e r .
Water (750 m l.) was added dropw ise to  a  v ig o ro u s ly  s t i r r e d '  
suspension o f th e  a ld im in o -s ta n n ic h lo r id e  complex in  e th e r  (750 m l.) ,  
which was decomposed w ith in  10-20 m in u tes . The upper, y e llo w ish  
e th e re a l  la y e r  was s e p a ra te d , and was th e n  washed re p e a te d ly  w ith
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50 ml. p o r tio n s  o f aqueous sodium carbonate  s o lu t io n  (5%) u n t i l  th e  
d isca rd ed  washings were a lk a l in e .  The e th e r e a l  s o lu t io n  was th en  
washed w ith  w ater u n t i l  n e u t r a l ,  and d r ie d  over anhydrous sodium 
su lp h a te . The d ry , f i l t e r e d ,  y e llo w ish  e th e r e a l  s o lu t io n  was 
co n ce n tra te d  and l e f t  to  c r y s t a l l i z e .  Repeated r e c r y s t a l l i z a t i o n s  
from dry e th e r  y ie ld e d  w hite  c r y s ta l s  o f p-chlorom ethylbenzaldehydo 
(24  g . ; y ie ld  47$S), n .p .  70-71°.
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PREPARATION OF 4~CHLOROMETHYL-(X-METHYLBENZYL ALCOHOL
A ll th e  chem icals and a p p a ra tu s  used  in  th e  p re p a ra t io n  o f  th e  
G rignard re a g en t and a d d itio n  complex were th o ro u g h ly  dried*  Water 
vapour was p rev en ted  from e n te r in g  th e  a p p a ra tu s  by the u se  o f 
calcium  c h lo r id e ' d ry ing  tu b e s .
P rep a ra tio n  o f an e th e r e a l  s o lu tio n  o f m ethyl bromide 
Dry e th e r  (230 m l.)  was p laced  in  a two necked f la s k  f i t t e d  w ith  a 
calcium  c h lo r id e  d ry in g  tu b e  and a gas i n l e t  tu b e , one end o f  which 
reached below th e  l e v e l  o f th e  e th e r ,  w h ils t  th e  o th e r  end was 
connected to  a c h i l le d  cap su le  o f m ethyl brom ide.
W hilst th e  f l a s k  was c h i l l e d  by an i c e - s a l t  m ix tu re , th e  cap su le  
of m ethyl bromide was a llow ed to  reach  room te m p e ra tu re , and th e  
d is s o lu t io n  o f th e  m ethyl bromide vapour in  th e  e th e r  was p e rm itte d  
u n t i l  th e  f la s k  and i t s  c o n te n ts  in c re a se d  in  w eight by 54 grams.
The capsu le  was th e n  c h i l le d  and d isco n n ec ted  from th e  f la s k ,  and 
th e  gas i n l e t  tu b e  was s e a le d .
P rep ara tio n  o f  an e th e r e a l  s o lu t io n  o f  m ethyl magnesium bromide (90) 
Into a th r e e  necked f la s k  f i t t e d  w ith  a condenser ( c h i l le d  by ic e d  
w a te r), m ercury s e a le d  s t i r r e r ,  and a p re s su re  e q u a liz in g  ta p  
funnel whose o u t le t  tu b e  reach ed  t o  th e . base o f th e  f l a s k ,  were 
placed d ry  e th er-w ashed  magnesium tu rn in g s  (8 g . ) and d ry  e th e r  
(91 m l.) ,  to g e th e r  w ith  a c ry s ta l, o f  io d in e . The c h i l l e d  e th e r e a l
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so lu tio n  o f  m ethyl bromide was poured in to  th e  ta p  fu n n e l, and 
tw elve drops were added to  th e  magnesium su sp en sio n . A fte r h a l f  
an hour a s te a d y  re a c t io n  was seen to  occu r, and th e  f la s k  was th e n  
c h il le d  e x te r n a l ly  by an i c e - s a l t  m ix tu re . The e th e r e a l  m ethyl 
bromide was th e n  added dropw ise to  th e  c h i l l e d ,  s t i r r e d  suspension , 
a t such a r a t e  th a t  co ndensa tion  o f  e th e r  in  th e  condenser was on ly  
ju s t  n o t ic e a b le .  A fte r th e  com plete a d d it io n  o f th e  e th e r e a l  
so lu tio n  o f m ethyl brom ide, s t i r r i n g  was co n tin u ed  fo r  a f u r th e r  
h a lf  an hour.
A fte r l j  hours th e  c le a r  e th e r e a l  s o lu t io n  o f m ethyl magnesium 
bromide was decan ted  o f f ,  from a grey  s lu d g e , in to  a c le a n , d ry  
th re e  necked f la s k .
P rep a ra tio n  o f th e  G rignard  a d d it io n  complex
The c h i l le d  th re e  necked f la s k  c o n ta in in g  th e  e th e r e a l  s o lu t io n  of 
methyl magnesium bromide was f i t t e d  w ith  a condenser, m ercury sea le d  
s t i r r e r ,  and a t a p  fu n n e l,
A s o lu tio n  o f p -ch lo rom ethy lbenzaldehyde (40 g . ) in  dry  e th e r  
(550 m l.)  was poured in to  th e  ta p  fu n n e l, and was th e n  added 
dropwise to  th e  s t i r r e d  s o lu t io n  o f m ethyl magnesium brom ide. . A fte r  
th e  complete a d d itio n  th e  s t i r r i n g  was co n tinued  f o r  a f u r th e r  h a l f  
an hour.
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H ydrolysis o f th e  G rignard  a d d itio n  complex 
The c o n te n ts  o f th e  th re e  necked f la s k  (a w hite  sludge in  a 
c o lo u r le s s  e th e r e a l  s o lu tio n )  were s lo w ly  poured in to  an ic e d  
s a tu ra te d  s o lu t io n  o f ammonium c h lo r id e  (600 m l .) .  The m ix tu re  
was th o ro u g h ly  shaken., and a f t e r  th e  decom position  o f th e  complex, 
th e  e th e r e a l  la y e r  was sep a ra te d  from th e  aqueous la y e r ,  which was 
then  e x tra c te d  w ith  e th e r .  The e th e r  e x t r a c t s ,  combined w ith  th e  
main e th e r e a l  la y e r ,  were washed w ith  w a ter u n t i l  n e u tr a l  and th en  
d r ie d  over anhydrous sodium su lp h a te . A fte r  f i l t r a t i o n  th e  e th e r  
was d i s t i l l e d  o f f  le a v in g  a y e llo w ish  l i q u id  re s id u e , which was 
then  f r a c t i o n a l ly  d i s t i l l e d  under reduced  p re s su re . Repeated 
d i s t i l l a t i o n s  y ie ld e d  a c o lo u r le s s  d i s t i l l a t e  o f 4 - ch lo ro m e th y l-(X- 
m ethylbenzyl a lc o h o l (22 g . ; y ie ld  50%), b .p .  125# 5~-l260/3  mm., 
of which th e  main f r a c t io n  had; b .p .  1 2 5 # 5°/3  mm., ^ ^ 1 , 5510 .
no H Cl
W 10  r e q u ire s  
Found
63.37%
6 3 .2  %
6.50%
6.21%
20.79%
21.05%
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ATTEMPTED DEHYDRATION OF 4-~CHLQRCMETHYL-0(-METHYLBENZYL ALCOHOL 
Phosphoric ac id
In to  a f l a s k ,  f i t t e d  fo r  d i s t i l l a t i o n  under n itro g e n  and reduced  
p re s su re , was p laced  c a rb in o l  (2 .8  g . ) ,  an eq u a l volume of 
phosphoric a c id  (d 1 .75 ; 3 .9  g . ) ,  and t - b u ty lc a te c h o l  (0 .057  g . ) .
The m ixture  was l e f t  a t  room tem p era tu re  and a t  a tm ospheric  p re s su re  
fo r 1§- hours and th e n , w h ils t  under n i tro g e n  and reduced  p re s su re  
(27-28 mm.), was warmed on an o i l  b a th  a t  such a r a t e  t h a t  th e  
tem peratu re  o f th e  b a th  was b rough t to  18fP i n  50 m in u tes . At t h i s  
tem perature  th e  c o n te n ts  o f th e  f l a s k  po lym erised .
A few drops of d i s t i l l a t e  were o b ta in ed  which s l ig h t ly  
d eco lo u rised  bromine s o lu t io n .
Iodine and d i r e c t  h e a tin g
A d i s t i l l a t i o n  f la s k  c o n ta in in g  c a rb in o l  (7 .3  g . )  and iod ine  
(0.142 g . ) was l e f t  a t  room tem p era tu re  f o r  43 m in u tes , and th e n  
w h ils t under n itro g e n  and reduced  p re s su re  ( 22-24  mm.) was g e n tly  
heated by a naked flam e. A d i s t i l l a t e  (3 .7  g .)  co lo u red  by th e  
iodine su b lim ate  was c o l le c te d ,  and a polym eric re s id u e  was l e f t  in  
the d i s t i l l a t i o n  f la s k .
The co lo u red  d i s t i l l a t e  was d is so lv e d  in  l i g h t  pe tro leum  
(b .p . 40 -6 CP), which was th e n  washed w ith  an aqueous s o lu t io n  o f 
sodium th io s u lp h a te  (15%) u n t i l  c o lo u r le s s .  The s o lu t io n  was th e n
-  135 -
washed s e v e ra l  tim es w ith  w a ter and d r ie d  over anhydrous sodium 
su lp h a te . The dry  s o lu t io n  was f i l t e r e d  in to  a d i s t i l l a t i o n  f la s k ,  
and a f t e r  1% by w eight of t -b u ty lc a te c h o l  had been added, th e  l i g h t  
petroleum  was d i s t i l l e d  o f f  a t  a tm ospheric  p re s s u re . The rem ain ing  
con ten ts  o f th e  d i s t i l l a t i o n  f l a s k  were th e n  d i s t i l l e d  a t  reduced  
p ressu re  (0 .7 - 0 .8  mm.), when a brown d i s t i l l a t e ,  b .p . 83-105° was 
c o lle c te d , o f which only a few drops b o ile d  below 96°.
I odine and in d i r e c t  h e a tin g
A d i s t i l l a t i o n  f la s k  c o n ta in in g  c a rb in o l  (5 .7 8  g . ) and io d in e  
(0.135 g . )  was l e f t  a t  room tem p era tu re  fo r  40  m in u tes , and was 
then g e n tly  warned in  an o i l  b a th , under n i tro g e n  and reduced  
p ressu re  (2 1 .5 -2 2  mm.), a t  such a r a t e  t h a t  th e  b a th  tem p era tu re  
rose to  246° over a p e rio d  o f  123 m inu tes. At t h i s  tem p era tu re  th e  
con ten ts  o f the  f l a s k  po lym erised .
A d i s t i l l a t e  (3«4 g . ) ? co lo u red  due to  th e  io d in e  su b lim a te , 
was d is so lv e d  in  l i g h t  petro leum  (b .p . 40- 60° )  and shaken w ith  
po rtio n s  of sodium th io s u lp h a te  s o lu t io n  (5%) u n t i l  c o lo u r le s s .  The 
so lu tio n  was th e n  washed s e v e ra l  tim es w ith  w a ter and d r ie d  over 
anhydrous sodium s u lp h a te .  The dry s o lu t io n  was f i l t e r e d  in to  a 
f la s k , and a f t e r  th e  a d d i t io n  o f 1% by w eight of t -b u ty lc a te c h o l ,  
the l i g h t  pe tro leum  was d i s t i l l e d  o f f  a t  a tm ospheric  p re s s u re . The 
remaining c o n te n ts  o f th e  f l a s k  were th en  d i s t i l l e d  under red u ced  
pressure  (23 111m.), when a c o lo u red  d i s t i l l a t e  was o b ta in ed  which 
mainly b o ile d  a t  147-150°,
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PREPARATION OF 4~CHLOROMETHYLSTYRENE
In to  a C la ise n  f la s k ,  f i t t e d  fo r  d i s t i l l a t i o n  under reduced  
p re ssu re , was p laced  4-chlorom ethyl-o<-m ethylbenzyl a lc o h o l 
(12 .3  g*)> t -b u ty lc a te c h o l  (0 .1 2 2  g * ), and c rushed , fu sed  
potassium  hydrogen su lp h a te  (0 .123  g .)»
The f la s k ,  w h ils t  under reduced  p re s su re  (43~45 Tnm* )> was 
warmed in  an o i l  b a th  a t  such a r a t e  t h a t  th e  tem p e ra tu re  o f  th e  
bath reached  200°in  m in u tes . The tem p e ra tu re  o f th e  b a th  was 
m ain tained  a t  200- 210° f o r  a f u r th e r  41 m in u tes , d u ring  which tim e 
the main d i s t i l l a t e  b o i l in g  a t  129~136°was c o l le c te d .  A fte r  41 
m inutes, when no f u r th e r  d i s t i l l a t i o n  was e v id e n t, th e  p re s su re  was 
reduced to  25“30 mm. and th e  b a th  tem p era tu re  was . r a i s e d  to  220? .
Some more d i s t i l l a t e  was c o l le c te d ,  le a v in g  a sm all amount o f  
polymeric re s id u e  in  th e  C la ise n  f la s k .  The t o t a l  y ie ld  o f 
d i s t i l l a t e  was 8 .7 9  g.  ^ 1 . 5712 .
From two 's im ila r  p re p a ra t io n s ,,  u s in g
(a) 12 .54  g. c a rb in o l;  9 .19  g. d i s t i l l a t e  were o b ta in e d .
(b) 1 3 .3 6  g . c a rb in o l;  1 0 .0 8  g . d i s t i l l a t e  were o b ta in e d .
In both cases  th e  r e f r a c t iv e  index  o f  th e  d i s t i l l a t e  was 1 . 5710 .
The th re e  d i s t i l l a t e s  were combined and d r ie d  over anhydrous 
sodium su lp h a te , and a f t e r  f i l t r a t i o n  th e  c o lo u r le s s  f i l t r a t e  was 
d i s t i l l e d  under reduced  p re s su re , in  th e  p resence  o f  1% by w eight
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of t -b u ty lc a te c h o l .  R e d i s t i l l a t i o n ,  in  th e  p resence o f 1% by
w eight o f t -b u ty lc a te c h o l ,  y ie ld e d  a c o lo u r le s s  d i s t i l l a t e  o f  
4 -ch lo ro m eth y ls ty ren e  (20 .7  g . I y ie ld  56%), b .p . 77.5*79°/ l . 5 -2 .0  mm. 
nD25,4  1 .5 7 2 5 .
In  o rd e r to  p reven t p o ly m e risa tio n , 0*25% by w eight o f t - b u t y l ­
c a te c h o l was added to  th e  specimen sen t fo r  a n a ly s is .
0 H Cl
Cc)H^Cl re q u ire s  
Found
70.34/5
70.33%
5.95^5
5.36%
23»24% 
23 *49%
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HOMOPOLYMERISATION OF A-CHLOROMBTHYLSTYRENE
Ifo I n i t i a t o r
A homogeneous s o lu t io n  of ocoi’- a z o is o b u ty r o n i t r i le  (0.0639 g . )  in  
4-c h lo ro n e th y ls ty re n e  (6 .39  g . )  was s e a le d  under n itro g e n  in  a 
c lean , d ry , s o f t  g la s s  tu b e  (such  tu b es  were used  th roughou t fo r  
p o ly m e ris a tio n ) . A lthough a f t e r  one hour a t  71-72° a marked 
in c rease  in  th e  v i s c o s i ty  of the  l iq u id  in  th e  tube  was n o ted , 
l i t t l e  change appeared  to  occur during  a f u r th e r  111 hours a t  th a t  
tem p era tu re . No tra p p e d  n i tro g e n  bubbles were p re se n t in  th e  v isco u s  
l iq u id . The g la s s  tube  was broken open and th e  v is c o u s , b u t s t i l l  
mobile m ass, was d is so lv e d  in  ho t benzene (55 m l .) .  On c o o lin g , 
the s o lu t io n  was f i l t e r e d ,  and th e  hompolymer was p r e c ip i ta te d  by 
slowly adding th e  benzene s o lu t io n  to  r a p id ly  s t i r r e d  l i g h t  petro leum  
(b .p . 40 -60°3 550 m l .) .  T he. honopolyner was f i l t e r e d  o f f  a t  th e  pump, 
washed th r i c e  w ith  l i g h t  pe tro leu m , and d r ie d  in  a vacuum d e s ic c a to r .
Y ie ld  2 .8  grams.
G
•............. ...
H Cl
C^H^Cl u n i t  re q u ire s  
Found, fo r  polymer 1
7 0 .84/o 
70.86%
5* 9 5p  
5.76%
23.24% 
2 3 .02%
i______ .
By a s im ila r  p ro ced u re , 4 ~ ch lo rom ethy lsty rene  (17 .65  g .)  was 
polym erised u sing  o co tf-azo iso b u ty ro n itrile  (0 .175 g . ) .
Y ie ld  9 .2  grams.
0 H Cl
C^H^Cl u n i t  re q u ire s  
Found, f o r  polymer 2
70.64% 
71.36% .
5.95%
5.96% 
................................................
23.24%
22.50%
........... —n, , ...........
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0 , 5% I n i t i a t o r
A homogeneous s o lu t io n  o f o u x '-a z o is o b u ty ro n itr i le  (0.0169 g .)  in  
4 -ch lo ro m e th y ls ty ren e  (6 .5 6  g .)  was s e a le d  under n i tro g e n . •
As l i t t l e  d if f e r e n c e  was n o ted  in  th e  v i s c o s i ty  o f  th e  s o lu t io n  
a f t e r  19 hours a t  71-72°, th e  tu b e  was allow ed t o  co o l and was 
c a r e fu l ly  opened. A s o lu tio n  o f (XoC - a z o is o b u ty r o n i t r i le  (0.0327 g . ) 
in  4 -ch lo ro m e th y ls ty ren e  (3*05 g . ) was added, and th e  tu b e  was 
re se a le d  under n i tro g e n , th o ro u g h ly  shaken, and th e n  re p la c e d  in  
the  oven. A fte r  a f u r th e r  93 h o u rs , th e  c o n te n ts  o f th e  tu b e  
c o n s is te d  o f  an immobile mass co n ta in in g  tra p p e d  n itro g e n  b u b b les.
The tu b e  was broken open and th e  c o n te n ts  were d is so lv e d  in  ho t 
benzene (80 m l ,) .  On co o lin g , th e  s o lu t io n  was f i l t e r e d ,  and th e  
homopolymer was p r e c ip i ta te d  by slow ly  adding th e  s o lu t io n  to  r a p id ly  
s t i r r e d  l i g h t  pe tro leum  (b .p . 40-60 ;800 m l*). The homopolymer was 
f i l t e r e d  o f f  a t  th e  pump, washed th r i c e  w ith  l i g h t  petro leum , and 
d ried  in  a vacuum d e s ic c a to r .
Y ie ld  4*9 grams.
C H Cl
C^H^Cl u n i t  re q u ire s  
Found, f o r  polymer 3
7 0 .84/o 
70.59%
5*95%
5.86%
23 • 24% 
23 . 04%
I
A homogeneous s o lu tio n  o f t fo C -a z o iso b u ty ro n itr i le  (0.0799 g .)  in  
4 -ch lo ro m eth y ls ty ren e  (16,6  g .)  was sea le d  under n i t ro g e n . The 
tubes were p laced  in  an oven a t  51° > and every  h a l f  an hour th e  
tem peratu re  was r a is e d  by 5 ° u n t i l  a maximum tem per a t  u re ^ o f 66° 
was reach ed . A fte r  63 hours a t  66° a s o l id  polym eric mass "with 
tra p p e d  n itro g e n  bubb les was p re se n t in  th e  tubes., which were th en  
removed from th e  oven and broken open. The c o n te n ts  were d is so lv e d  
in  ho t benzene (200 m l .) ,  and on co o lin g , th e  s o lu tio n  was f i l t e r e d .
The homopolymer, p r e c ip i ta te d  by slow ly  adding th e  benzene 
so lu tio n  to  r a p id ly  s t i r r e d  l i g h t  pe tro leum  (b .p . 40-60°, 2000 m l.) ,  
was f i l t e r e d  o f f  a t  th e  pump, washed th r i c e  w ith  l i g h t  petro leum , 
and th en  d r ie d  in  a vacuum d e s ic c a to r .
Y ie ld  14 .2  grams.-
C H Cl
C^H^Cl u n i t  r e q u ire s  
Found, f o r  polymer 4
70.64%
71.28%
5.95% 
6 • 12%
23 * 24% 
22.61%
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C OP OLYMERIS AT I ON OF 4-CHLORQMETfffLSTYRENE WITH STYRENE
Styrene (7.4-6 g . ) ,  b .p .  54-54o 5°/30-31 mm., 1,5440;
4 -ch lo ro m eth y ls ty ren e  (5 .5 0  g „ ) ,  and (X oC '-azo isobutyron itrile  
(0.0797 g .)  were tho ro u g h ly  mixed in  a f l a s k ,  and th e  homogeneous 
s o lu tio n  was s e a le d  under n i tro g e n  in  s o f t  g la s s  tu b e s . A fte r  14 
hours a t  71-72°an immobile mass c o n ta in in g  tra p p e d  n itro g e n  bubbles 
was p re s e n t in  th e  tu b e s . A fte r  a  f u r th e r  100 hours a t  71-72°,,th e  
tubes were broken open and th e  c o n te n ts  were d is so lv e d  in  h o t benzene 
(65 m l ,) .  On co o lin g  th e  s o lu t io n  was f i l t e r e d ,  and th e  copolymer 
was p r e c ip i ta te d  from th e  s o lu t io n  by slow ly  adding i t  to  r a p id ly  
s t i r r e d  l i g h t  pe tro leum  (b .p . 40-60°; 750 m l .) .  The copolymer was 
f i l t e r e d  o f f  a t  th e  pump, t h r i c e  washed w ith  l i g h t  pe tro leum , and 
d ried  in  a  vacuum d e s ic c a to r .
Y ie ld  7 .2  grams.
C H Cl
Styrene -> 4 -c h lo ro m e th y ls ty re n e  
copolymer in  a m olar r a t i o  o f 
1 .6 9 :1  re q u ire s
Found j 4 ' "  r-
82,31%
82,31%
6.91% 
6 • 94%
1 0 . 78/6
10.3656
-  143 -
VISCOSITY
D eterm ination  of th e  flow  tim e o f  a l iq u id
X Y
B
C
DIAGRAM 1
The v i s c o s i ty  tube., w h i ls t  h e ld  v e r t i c a l l y ,  was f i l l e d  w ith  th e  
so lv en t or s o lu t io n  v ia  a  c le a n  100-mesh Monel m eta l gauze f i l t e r  
to  above th e  le v e l  UA'*, The tube was th e n  p laced  v e r t i c a l l y  in  a 
th e rm o sta t b a th  and any a i r  bubbles tra p p e d  in  th e  c a p i l l a r y  tu b in g  
were l ib e r a te d  by a s p i r a t io n  a t  UX'1» A fte r  be ing  25 m inutes in  th e  
th e rm o s ta t, th e  so lv e n t or s o lu t io n  in  th e  tu b e  was le v e l le d  to  11 Au
by means of a  long t e a t - p i p e t t e  and th e n , by means o f a 
uPumpetteu , i t  was drawn up above th e  l e v e l  11 Bw. The tim e was 
noted  f o r  th e  l iq u id  to  flow  from le v e l  ltBu to  le v e l  “C11. This 
tim ing was re p e a te d  u n t i l  c o n s ta n t v a lu es  were o b ta in ed  over a 
period  of fo u r  h o u rs .
A fte r  th e  l iq u id  in  th e  v isco m ete r tu b e  had been d isc a rd e d , th e  
tube was washed s e v e ra l  tim es w ith  s o lv e n t ,  and th en  m ethanol, and 
was f i n a l l y  d r ie d  a t  th e  pump w ith  a s i n t e r  g la s s  f i l t e r  connected  
to  i t s  open end.
D eterm ination  o f th e  lo g a rith m ic  v i s c o s i ty  number of a s o lu tio n  
Subs t  i t  u t  ing  e xpre s s i  on (45) in  (4 8 ) .
L ogarithm ic v i s c o s i ty  number = Ln t / t Q
c
■
L iq u id
c
g ./lO O  mlv 
o f s o lu t io n
mean t  
s e c .
mean t 0
s e c .
Log.
v i s c o s i ty
no.
Therm ostat tem p e ra tu re  “ 24.8--24 .9°
Toluene
......
1 4 1 .0
Homo polymer 1 (a) . O.858O 161.2 0.1559
(1% i n i t i a t o r )
s o lu t io n Cb) t 0.7405 1 5 3 .4 0.1574
Homopolymer 3 (a) 1 .034^ 1 33 .3 0.2537
(g% i n i t i a t o r )
s o lu tio n (b) 0 .9560 18 0 .2 O .256S
Copolymer 5 (a) ,1 .0 5 4 4 191.3 0.2S94
so lu tio n (b) 1 .0180 189 .5 0.2905
11 . .
L iq u id
c
g./lO O  ml 
s o lu t io n
mean t  
sec .
mean t Q 
se c .
Log.
v i s c o s i ty
no.
T herm ostat tem p era tu re  = 25°
Toluene 141.8
Homo polymer 2 (a) 1 .1900 174 .0 0.1719
(l/o i n i t i a t o r )
s o lu tio n  (b) ■ 0.8010 162 .9 0.1731
■(c) 0.5950 157.4  ■ 0.1754
(d) 0 .4005 152 .2 0.1765
Homo polymer 4 (a) 1,1865 240.7 0.4461
(J% i n i t i a t o r )
s o lu tio n  (b) 0.8560 209.8 0.4560
(c) 0.5932 I 8 5 .6 0.4538
< . (d) 0.4280 173*0 0 .4644
Copolymer 5 ■ (a ) 1 .23 20 202.8 0.2905
s o lu tio n
(b) 0.8425 181 .0 0.2897
(c) 0 .6160 170.4 0.2980
(d) 0 .4 2 1 2 160.3 0.2902
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PREPARATION OF POLYSTYRENE 
Preparation o f  sytrene
t-B u ty lc a te c h o l, p re se n t as an in h ib i to r  in  s ty re n e , was removed by 
washing th e  s ty re n e  (250 m l . ) w ith  p o r tio n s  o f  2N sodium hydroxide 
so lu tio n  (3X250 m l. , 3*150 ml. , 2*100 m l .) .  The s ty re n e  was th e n  
washed w ith  w a ter u n t i l  n e u t r a l  and d r ie d  over anhydrous sodium 
su lp h a te  in  a r e f r i g e r a t o r .  The d ry , f i l t e r e d  s ty re n e  was th e n  
d i s t i l l e d  under reduced p re s su re  and n i tro g e n , and a d i s t i l l a t e
/v . 2 4
was c o l le c te d ,  b .p .  55~5r /32~35«5 mm. , n^ 1.5441*
S o lu tion  p o ly m e risa tio n  o f  s ty re n e
In a c le a n , d ry  screw -to p  b o t t l e  was p laced  s ty re n e  (55 m l.) ,  
xylene (150 m l .) ,  and benzoy l perox ide  (0.508 g „ ) . The b o t t l e ,  
i t s  l i d  f i t t e d  w ith  a po ly thene  g a sk e t, was th o ro u g h ly  shaken and 
then p laced  in  an oven a t  79-81°. A fte r  24 hours th e  c o n te n ts  o f 
the  b o t t l e  were l e f t  to  reach  room te m p e ra tu re , and were th e n  added 
dropwise to  r a p id ly  s t i r r e d  m ethanol (1250 m l .) .  The w h ite  polymer 
was f i l t e r e d  o f f  a t  th e  pump, washed s e v e ra l  tim e s  w ith  m ethanol, 
and was th e n  d r ie d  in  a vacuum d e s ic c a to r .
Y ie ld  40 grams.
Determination of the logarithmic viscosity number
The procedure  used  was as d e sc rib e d  on pages 143-144*
L iq u id
--------..... — v"...................
c m e a n t  
g ./lO O  mil 
s o lu t io n  j sec*
mean t 0 
s e c .
Log.
v i s c o s i ty
no.
0
Therm ostat tem p era tu re  -  25
Toluene
P o ly s ty ren e  • (a) 
s o lu t io n
(polym er 6) (b)
1 .1550
1.0230
171.9
163.6
141 .0
0.1717
0.1741
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PREPARATION OP GHLOROMETHYLATED POLYSTYRENE
Throughout the preparation o f chlorom ethylated polystyrene the
o
tem perature of th e  r e a c t io n  m ixture was m ain ta in ed  a t  12-17 .
o
Dry ch lo rom ethy l m ethyl e th e r  (179 g . ? b .p .  57-59 ) was added 
to  s t i r r e d  p o ly s ty re n e  (13 .5  g . )  in  a th re e  necked f la s k  f i t t e d  
w ith a condenser* m ercury s e a le d  s t i r r e r ,  and a therm om eter.
To th e  s t i r r e d  homogeneous s o lu t io n  was added f r e s h ly  fu sed  
anhydrous z inc  c h lo r id e  (1 3 .6  g . ) ,  fo llow ed  a t  tw enty  m inute 
in te rv a ls  by f u r th e r  p o r tio n s  o f  z inc  c h lo r id e ,  u n t i l  a t o t a l  o f  
54.4 grams had been added. The s t i r r i n g  was c o n tin u ed , and a f t e r  
2-J- hours benzene (180 m l.)  fo llow ed  by ic e - c o ld  w ater (130 m l.)  was 
poured in to  th e  f l a s k ,  and th e  m ixture was th e n  v ig o ro u s ly  s t i r r e d  
fo r a f u r th e r  h a l f  an h ou r.
A fte r  f i l t r a t i o n  th e  benzene la y e r  was s e p a ra te d  and washed te n  
times w ith  w a te r .
The ch lo ro m eth y la ted  p o ly s ty re n e  was p r e c ip i ta te d  by th e  slow
/
ad d itio n  of th e  washed benzene s o lu t io n  to  r a p id ly  s t i r r e d  i n d u s t r i a l  
m ethylated s p i r i t s .  The w h ite  polymer was f i l t e r e d  o f f ,  and a f t e r  
washing w ith  s e v e ra l  p o r t io n s  o f i n d u s t r i a l  m eth y la ted  s p i r i t s ,  was 
d ried  in  a vacuum d e s ic c a to r .
Y ie ld  15 gram s.
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C l
C a lc u la te d  f o r  C^H^Cl u n i t  
' Found,, f o r  polymer 7 (1)
(2)
23 *24%
23 ♦ 12 /b
23.61%
A su p p lied  sample o f  ch lo ro m eth y la ted  p o ly s ty re n e  by Mr. M. A lger 
was a lso  an a ly sed
Cl
C a lc u la te d  f o r  CQHQC1 u n i t7 /
Found, f o r  polymer 8
23 • 24%
1 23.16%
.
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Det erm ination o f the logarithm ic v is c o s i t y  number
The procedure used was as described  on pages 143“144*
Liquid
c
g./lO O  ml 
so lu tio n
mean t  
sec .
mean t 0
sec .
..
Log.
v is c o s i t y
no.
0
Thermostat temperature = 25
Toluene
Chloromethylated (a) 
polystyrene s o l .  
(polymer 7) (b)
(polymer 8) (a)
(b)
1.0615
1.0815
0,8530
0.7764
1 6 5 .0  
1 6 6 .0
181.8
178.3
1 4 1 .0
0 .1486
0.1511
0.2981
o . 3025
COMPOUNDS AND REAGENTS USED IN REACTIONS INVOLVING THIOLS
Thiourea
R ecry sta lliz ed  from ethanol (b .p . 7 8-78 .5  )? m.p. 173*5~174«5°»
Benzene
R e d is t i l le d , r e ta in in g -fr a c t io n  b .p . 8 0 .5 ° .
Oxygen-free water
D is t i l le d  water was reflu x ed  for two hours w h ils t  n itrogen  was 
bubbled through i t .  The passage o f the n itrogen  was continued  
w h ilst th e water c o o led .to  room tem perature, and then the f la sk  was 
stoppered.
Oxygen-free hydrochloric acid
Concentrated hydrochloric acid  was d isso lv ed  in  oxygen-free water.? 
and stoppered in  a f la sk  flu sh ed  out w ith n itrogen .
Oxygen-free sodium hydroxide so lu tio n
A so lu tio n  o f  sodium hydroxide in  oxygen-free water was reflu xed  for  
45 minutes w ith a stream o f  n itrogen  passing  through i t . ■ The passage 
of the n itrogen  was continued w h ils t  th e so lu tio n  was allow ed to  coo l 
to  room tem perature, and then th e  f la s k  was stoppered.
'* ^odoacetamide so lu tio n
When iodoacetam ide (1.693 g« ) "was d isso lv ed  in  oxygen-free water
(67.3 a yellow  so lu tio n  was obtained in d ic a tin g  th e  presence
of io d in e ,
0 . 05N Sodium th iosu lp h ate  so lu tio n , made up in  oxygen-free water, 
was added dropwise to  the aqueous so lu tio n  o f  iodoacetam ide u n t i l  the  
colour was discharged, and then a few drops in  excess were added.
The so lu tio n  had no rea ctio n  on starch-potasslum  iod id e  paper.
The fla sk  contain ing the iodoacetam ide so lu tio n  was then flu sh ed  out 
with n itrogen  and stoppered.
DIAGRAM X
N itro g en  “ ' .
P o ly th en e
P o lym ercap tide
'so lu tio n
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PREPARATION OP PPLY( 4-MERCAPTOMETHYLSTYRENE)
A three necked f la s k  f i t t e d  w ith a s t i r r e r , condenser, and two tap  
fu n n els, was placed in  a water bath a t 7 Ch-75°* Into one tap  funnel 
was poured a so lu tio n  o f po ly(4~oh lorom eth ylstyrene), polymer 3 
(0.446 g o )  in  benzene (14«9 ml . ) ,  and in to  the other a so lu tio n  of 
thiourea ( 0.295  g . )  in  ethan ol ( 5.9  ml . ) .  W hilst s t ir r in g , the two 
so lu tio n s were slow ly run in to  the f la s k  a t such a .r a te  th a t th e.tw o  
tap funnels emptied sim ultaneously .
A sw ollen  mass o f  the polym eric thiouronium ch lorid e  was noted to  
have separated out from so lu tio n  5-10 minutes a f te r  m ixing.
The s t ir r e d  mixture was l e f t  to  r e f lu x  fo r  a further three hours 
and then the so lv en ts  were d i s t i l l e d  o f f  under n itrogen , i n i t i a l l y  
at atmospheric pressure and f in a l ly  under reduced pressure. W hilst 
s t i l l  under n itrogen , 6N oxygen-free sodium hydroxide so lu tio n  
(25 m l . ) was added t o  the white polymeric thiouronium ch lo r id e , 
and the mixture was s t ir r e d  for one hour on a steam bath. The 
so lu tio n  o f the polym ercaptide was then l e f t  to  co o l under n itrogen , 
and the f la s k  w as. stoppered.
The g la s s  s in tered  f i l t e r s ,  tap fu nnel, and round.bottom f la s k  
in diagram 2 were flu sh ed  out w ith n itro g en , and then the alm ost 
clear yellow  polym ercaptide so lu tio n  was f i l t e r e d  under n itrogen  
through the g la ss  s in te r  f i l t e r  1 in to  the c lo sed  tap fu nnel, w ith  
the a id  o f a water pump attached  to  s id e  tube 1 . When a l l  the
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so lu tio n  had f i l t e r e d ,  the rate  of n itrogen  flow  was increased  and 
the water-pump was d isconnected . 6N Oxygen-free hydrochloric ac id  
was added dropwise, w ith shaking, to  the polymercaptide so lu tio n  in  
the tap fu n n e l, u n t i l  an a c id ity  was reached which was represented  
by a pH value of u n ity . The sid e  tube 1 was then stoppered, and 
the white polymeric t h io l  was f i l t e r e d  o f f  under nitrogen and 
s l ig h t ly  reduced pressure (water pump a t s id e  tube 2) onto a f i l t e r  
paper p laced on the g la ss  s in te r  f i l t e r  2. Once again the water pump 
was d isconnected  a fte r  an in crease  in  the rate  o f n itrogen flow . 
W hilst under n itrogen  the p o ly th io l was washed w ith oxygen-free  
water u n t i l  the washings were free  of ch lorid e  and sulphide io n s ,  
and then was dried  over phosphorus pentoxide in  a vacuum d es icca to r  
previously  flu sh ed  out w ith  n itro g en .
Poly ( 4-m ercaptom ethylstyrene) was sen t for  a n a ly s is  in  a n itrogen  
f i l l e d  tube (a portion  having been found to  be r e a d ily  so lu b le  in  
a lk a l i ) .
C H s
C9Hi 0S u n it req u ires  
Found
n .% %
72.25%
6 .71$
6 • 42%
21 .34% 
21.34?
P o ly (4 -c h lo ro m e th y ls ty re n e ) , polymer 1. (-0.4.95 g .)  d is so lv e d  in  
benzene (16 .5  m l .) ,  and th io u re a  (0 .305 g . )  d is so lv e d  in  e th a n o l 
(6 .1  m l .) ,  s im i la r ly  y ie ld e d  p o ly (4 -m ercap to m eth y ls ty ren e ).
C H S
C9H]_qS u n i t  re q u ire s  
Found
71.94%
72.40/6
6.71% 
6.68%
21.34% 
20.59% 
20* 53%
C hlorom ethylated  p o ly s ty re n e , polymer 8 (0 .492 g .)  d is so lv e d  in  
benzene ( 1 6 .4  m l . ) ,  and th io u re a  (0 .316 g .)  d is so lv e d  in  e th a n o l 
(6.3 m l .) ,  s im i la r ly  gave p o ly (m ercap to m eth y ls ty ren e).
S
^9^10^ un^  r e 94ire s
C a lcu la te d  f o r  rep lacem ent o f  Cl 23*16% 
Found
21.34% 
21*45% 
20 .51%
C hlorom ethy la ted  p o ly s ty re n e , polymer 7 (0 .577  g . ) d is so lv e d  in  
benzene (1 9 .2  m l .) ,  and th io u re a  (0 .355  g .)  d is so lv e d  in  e th a n o l 
(7 .1  m l.) ,  s im i la r ly  y ie ld e d  p o ly (m ercap to m e th y ls ty ren e ).
"  .. ~................. ......  1 C H s
C^ H-^ qS u n i t  r e q u ire s 71*94% 6.71% 21.34%
C a lc u la te d  f a r
rep lacem ent o f  Cl 23*12% 21.42%
23*67% 21«94%
Found 71*27% 6 . 60% 22.05%
70.94% 6.57%
- -------—
22.11%
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PREPARATION OF POLY [PI (4 -VIIlAhBENZILTHIO) MERCURY] 
i
P oly (4 -m ercap tom ethy lsty rene) was p rep ared  from p o ly (4 -ch lo ro m eth y l- 
s ty re n e ) , polymer 3 (0 .454 g . ) as d e sc rib e d  on page 1 5 4 » and 
fo llow ing  th e  w ashing under n itro g e n  to  remove su lp h id e  and c h lo rid e  
io n s , th e  p o ly th io l  was ra p id ly  t r a n s f e r r e d  to  a f la s k  th rough  which 
n itro g e n  was p a ss in g , and was d is so lv e d  in  0.6N oxygen-free  sodium 
hydroxide s o lu tio n  (25 m l .) .  The yellow  s o lu t io n  was th e n  q u ick ly  
t r a n s f e r r e d  back in to  th e  ta p  fu n n e l in  diagram  2 , which had 
p rev io u s ly  been f lu s h e d  ou t w ith  n i tro g e n .
W hilst under n itro g e n  0.6N oxygen-free  h y d ro c h lo ric  a c id  was added 
dropwise th rough  th e  s id e  tu b e  1 to  th e  po lym ercap tide  s o lu t io n  in  
th e  ta p  fu n n e l, u n t i l  on shaking  a permanent w hite  p r e c ip i t a i io n  o f 
the  p o ly th io l  o ccu rred . This p r e c ip i ta te  was th e n  im m ediate ly  
re d is so lv e d  by th e  a d d it io n  o f  a minimum q u a n tity  o f  0.6N oxygen-free  
sodium hydroxide s o lu t io n .
The po lym ercap tide  s o lu t io n  was f i l t e r e d  under n i t ro g e n , th rough  
the  g la s s  s i n t e r  f i l t e r  2 , in to  th e  a g i ta te d  round bottom  f la s k  which 
con tained  a s o lu tio n  o f r e c r y s t a l l i z e d  m ercu ric  cyanide (0.408 g .)  
d isso lv e d  in  oxygen -free  w a ter (20 .5  m l .) .  An immediate w hite  
p re c ip i ta te  o f th e  m ercury m ercap tide  was n o te d , and on the- com plete 
a d d itio n  o f th e  po lym ercap tide  s o lu t io n  th e  f la s k  was s to p p ered  and 
l e f t  o v e rn ig h t. The m ercury m ercap tide  was s e p a ra te d  by th e  u se  o f 
a c e n tr ifu g e , and washed w ith  aqueous m ethanol u n t i l  th e  w ashings
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were f r e e  o f  c h lo r id e  io n s  and excess m ercuric  cyanide*
P o ly [d i(4 ~ v in y lb e n z y lth io )m e rc u ry ] was d r ie d  in  a vacuum 
d e s ic c a to r .
C H
C-, .H-.HgS^ u n i t  r e q u ire s  18 18 2
Found
43. 3#
43 * 63/o
3.635s
3.915s
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PREPARATION OF POLY(C ARBAMOYLMETHYL VINYLBENZYL SULPHIDE)
P oly (m ercap tom ethy lsty rene) was p repared  from ch lo ro m eth y la ted  po ly­
s ty re n e , polymer 7 ( 1 .1 1 1  g . )  as d e sc rib e d  on page 154  ? and. 
fo llow ing  th e  washings under n i tro g e n  to  remove c h lo r id e  and su lp h id e  
io n s , a s l i g h t l y  a lk a l in e  s o lu t io n  o f th e  p o ly th io l  was p rep a red  as 
in  th e  p re p a ra t io n  of p o ly [d i (4 -v in y lb e n z y lth io )  mercury] on page 157 <>
The po lym ercap tide  s o lu t io n  was f i l t e r e d  under n itro g e n  th rough  
the g la s s  s i n t e r  f i l t e r  2 in to  -an a g i ta te d  round bottom  f l a s k ,  which 
con ta ined  an aqueous s o lu t io n  o f iodoacetam ide (as p rep ared  on page 
151 . An immediate w hite  p r e c ip i ta te  o f th e  poly(carbam oylm ethyl 
v in y lb en zy l su lp h id e ) was n o te d , and fo llo w in g  th e  com plete a d d it io n  
of th e  po lym ercap tide s o lu t io n ,  th e  f la s k  was s to p p e red  and l e f t  to  
stand  f o r  h a l f  an hour. The poly(carbam oylm ethyl v iny lbenzy l 
su lp h id e) was th en  s e p a ra te d  by th e  use of a c e n tr i fu g e ,  and washed 
w ith oxygen-free  w ater u n t i l  th e  washings were f r e e  o f io d id e  io n s , 
follow ed by w ashings w ith  0.2N oxygen-free  h y d ro c h lo ric  a c id , and 
f in a l ly  w ith  oxygen-free  w a ter u n t i l  th e  w ashings were f r e e  of 
ch lo rid e  io n s .
P o ly (carbam oylm ethyl v in y lb e n z y l su lp h id e )  was d r ie d  in  a vacuum 
d e s ic c a to r  over phosphorus p en to x id e .
C H N S
g11h13N0S un^  recl[i:i-re s 63.73% 6 . 32% 6.76% 15.47%
C alcu la te d  fo r  th e
rep lacem ent o f Cl 2},12% 6.73% 15.41%
23.67% 6 . 85% 1 5 . 68%
Found 6 2 . 71% 6 . 02% 6.51% 15.43%
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PREPARATION OF POLY- (2-CYANQETHYL VINYLBENZYL SULPHIDE)
Poly(m ercapt o m eth y ls ty ren e) was p rep ared  from ch lo ro m eth y la ted  po ly ­
s ty re n e , polymer 7 (0 . 5H  g») as d e sc rib e d  on page 1 5 4 ; and 
fo llow ing  th e  w ashings under n itro g e n  to  remove c h lo r id e  and su lp h id e  
io n s , th e  p o ly th io l  was r a p id ly  t r a n s f e r r e d  to  a f la s k  th rough  which 
n itro g e n  was p a ss in g , and was re d is s o lv e d  in  1.2N oxygen-free  sodium 
hydroxide s o lu t io n  (60 m l ,) .  The ye llow  polym ercap tide s o lu t io n  was 
th e n  t r a n s f e r r e d  back in to  th e  ta p  fu n n e l in  d iagram  2 , which had 
p re v io u s ly  been f lu sh e d  ou t w ith  n i tro g e n .
W hilst under n i tro g e n , th e  po lym ercap tide  s o lu t io n  was f i l t e r e d  
through th e  g la s s  s in t e r  f i l t e r  2 ,-  in to  an a g i ta te d  round bottom  
f la s k  which co n ta in ed  a s o lu t io n  o f  a c r y lo n i t r i l e  (0.263  g. j 
b .p . 7 6 .9 -7 7 .1 ° )  d is so lv e d  in  oxyg en -free  w a ter (26 m l .) .  An 
immediate p r e c ip i t a t e  o f  p o ly - (2- cyanoethy l v in y lb e n z y l su lp h id e ) was 
no ted , and fo llo w in g  th e  com plete a d d itio n  o f  th e  po lym ercap tide  
so lu tio n , th e  f l a s k  was s to p p ered  and l e f t  o v e rn ig h t.
P o ly - (2-c y a n o e th y l v in y lb e n z y l su lp h id e ) was washed s ix  tim es w ith  
oxygen-free w a ter-an d  th e n  d r ie d  in  a vacuum d e s ic c a te r  over 
phosphorus p en to x id e .
\
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C H N S
C12H13NS u n i t  re q u ire s 70.90% 6*44% 6.09% 15.-77%
C alcu la ted  f o r  th e
rep lacem ent o f C l 23*12% 6.06% 15.71%
23.67% 6 . 90% 15.99%
Found 71.34# 6 . 61% 6.40% 15.47%
-  163 -
OXIDATION OF AN ALKALINE SOLUTION OF POLY (MEHC AFT OMETHYLSTYRENE) 
Oxygen
Poly (m ercap tom ethy lsty rene) was p repared  from ch lo ro m eth y la ted  p o ly ­
s ty re n e , polymer 7 , as  d e sc r ib e d  on page 154  , and fo llo w in g  washings 
under n i tro g e n  to  remove c h lo r id e  and su lp h id e  io n s , th e  
p o ly th io l  was re d is s o lv e d  in  2N sodium hydroxide s o lu t io n  (100 m l.) 
and f i l t e r e d .  Oxygen was p assed  th rough  th e  a lk a l in e  s o lu t io n  of 
the po ly m ercap tid e , u n t i l  a f t e r  45 m inutes a  p r e c ip i ta te  was e v id e n t . 
The f la s k  was th e n 's to p p e re d  and shaken o v e rn ig h t. The y e llo w ish  
p re c ip i ta te  was f i l t e r e d  o f f  and washed s e v e ra l  tim es w ith  d i s t i l l e d  
w ater, fo llo w ed  by th re e  w ashings w ith  2N h y d ro c h lo ric  a c id ,  and 
f in a l ly  w a ter u n t i l  th e  w ashings were f r e e  of c h lo r id e  io n s . A fte r  
f i l t r a t i o n  th e  re s id u e  was d r ie d  in  a vacuum d e s ic c a to r  over 
phosphorus p en to x id e .
C H S
^18%.8^2 re q u ire s  
Found
72.44# ■ 
67*56#
6 . 08$ 
6 # 24#
21.48#
1 5 . 44#
Iodine
Poly(m ercaptom ethylstyrene) was prepared from chlorom ethylated poly­
s ty r e n e , polymer 7 , as described  on page 154 , and fo llo w in g  
washings under n itrogen  to  remove ch lorid e  and sulphide io n s , the
p o ly th io l  was re d is so lv e d  in  2N oxygen-free  sodium hydroxide 
s o lu t io n . The po lym ercap tide  s o lu t io n  was th e n  t r a n s f e r r e d  back 
in to  th e  ta p  fu n n e l in  diagram  2 , which had p re v io u s ly  been f lu s h e d  
out w ith  n i t r o g e n , and w h ils t  under n itro g e n  was f i l t e r e d  th ro u g h  th e  
g la ss  s i n t e r  f i l t e r  2 , in to  an a g i ta te d  round bottom  f la s k  which 
con ta ined  a s o lu t io n  o f  io d in e  (0 .499 g . )  d is so lv e d  in  2N oxygen-free  
sodium hydroxide s o lu t io n  (100 m l.) .  An immediate p r e c ip i ta te  was 
no ted , and a f t e r  h a l f  an hour th e  w hite  p r e c ip i t a t e  was f i l t e r e d  
o ff , under n i tro g e n , and washed f re e  o f  io d id e  ions w ith  oxygen-free  
w ater.
Follow ing th re e  washings under n itro g e n  w ith  oxygen-free  
h y d roch lo ric  a c id , and th e n  oxygen-free  w a ter u n t i l  th e  washings 
were fre e  o f c h lo r id e  io n s , th e  p r e c ip i ta te  was d r ie d  in  a  vacuum 
d e s ic c a to r  c o n ta in in g  phosphorus p en to x id e , which had p re v io u s ly  
been f lu sh e d  out w ith  n i tro g e n .
The brown s o l id  was found to  be in s o lu b le  in  a lk a l in e  s o lu t io n s ,  
and was s e n t fo r  a n a ly s is  in  a  n i tro g e n  f i l l e d  tu b e .
C H S.
^18^18^2 u n i t  r e q u ire s  
Found
72.44$ 
70 .50$
6 . 08$
6.37$
21.48$
19.48$
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COMPOUNDS AND REAGENTS USED IN REACTIONS CONCERNED WITH THE 
.DETERMINATION OF RATE CONSTANTS
Carbon d io x id e - f re e  w ater
D is t i l l e d  w a ter was re f lu x e d  f o r  45 m inu tes, and was th e n  a llow ed to
cool in  a f l a s k  s to p p ered  w ith  a bung c o n ta in in g  a soda lim e guard
\
tube .
Aqueous m ethanol
The washing medium used  in  a l l  t i t r a t i o n s  was made up from carbon 
d io x id e -f re e  w a ter and m ethanol (1 :1 ) , and was p re n e u tra l iz e d  u s in g  
p h en o lp h th a le in  as th e  in d ic a to r .
C arb o n ate -free  sodium hydroxide s o lu tio n
Sodium hydrox ide p e l l e t s  (50 g . ) were added to  carbon d io x id e - f re e  
w ater (50 ml) in  a b o i l in g  tu b e , which was th e n  corked w ith  a t i n  
f o i l  g a sk e t. A fte r  a g i ta t io n  to  d is so lv e  th e  a l k a l i ,  th e  tu b e  was 
l e f t  to  s tan d  o v e rn ig h t. Some o f th e  c le a r  su p e rn a ta n t s o lu tio n  was 
p ip e tte d  (7 ml) in to  a f la s k  c o n ta in in g  carbon d io x id e - f re e  w ater 
(1000 m l.) ,  which was th e n  sto p p ered  w ith  a bung c o n ta in in g  a soda 
lim e guard  tu b e , and th o ro u g h ly  a g i ta te d  to  produce an ap p ro x im ate ly  
0.12N s o lu t io n  o f  sodium hydrox ide .
Follow ing th e  t i t r a t i o n  o f th e  a l k a l i  s o lu t io n  a g a in s t  po tassium  
hydrogen p h th a la te ,  a c a lc u la te d  q u a n tity  o f carbon d ic x id e - f re e  
w ater was added to  produce a s o lu t io n  o f  th e  r e q u ire d  n o rm a lity .
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This n o rm a lity  was confirm ed by t i t r a t i o n  a g a in s t  po tassium  hydrogen 
p h th a la te , u s in g  p h e n o lp h th a le in  as th e  in d ic a to r .  During th e  
t i t r a t i o n s  th e  open end o f  th e  b u r e t te  was te rm in a te d  by a soda lim e 
guard tu b e . . -
Carbon d io x id e - f re e  h y d ro c h lo ric  a c id
C oncen trated  h y d ro c h lo ric  a c id  (8 ml. ; d 1 .1 8 ) was added to  carbon 
d io x id e - f re e  w ater (1080 ml) in  a f la s k ,  which was th en  s to p p ered  
w ith  a bung co n ta in in g  a soda lim e guard  tu b e , and th o ro u g h ly  
a g i ta te d  to  produce an approx im ate ly  0.084N s o lu tio n  o f h y d ro c h lo ric  
ac id .
Follow ing th e  t i t r a t i o n  o f  th e  ac id  a g a in s t  s ta n d a rd  a lk a l i ,  a 
c a lc u la te d  q u a n tity  o f carbon d io x id e  f r e e -w a te r  was added to  produce 
a s o lu tio n  o f th e  re q u ire d  n o rm a lity . This n o rm a lity  was confirm ed 
by t i t r a t i o n  a g a in s t  s tan d a rd  a l k a l i  u s in g  p h e n o lp h th a le in  as th e  
in d ic a to r .  The s ta n d a rd  a l k a l i  u sed  in  'th ese  t i t r a t i o n s  was added 
from a b u r e t te ,  th e  open end o f  which was te rm in a te d  by a. soda lim e 
guard tu b e .
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Benzyl a lc o h o l
Benzyl a lc o h o l was l e f t  t o  d ry  over anhydrous potassium  carb o n ate  
fo r  s e v e ra l  days, and was th e n  f i l t e r e d  and d i s t i l l e d  under n itro g e n . 
The f r a c t io n  b .p . 203-204° was c o l le c te d  and poured in to  a f la s k  
f i t t e d  w ith  a gas i n l e t  tu b e , and a condenser te rm in a te d  by a 
calcium  c h lo r id e  d ry ing  tu b e . A few p ie ce s  of c rushed  calcium  were 
added, and th e  fo llo w in g  day , w h ils t  n itro g e n  was bubbled th rough  
the a lc o h o l, th e  c o n te n ts  of th e  f l a s k  were re f lu x e d  fo r  3 h o u rs . 
A fter co o lin g  to  room tem p era tu re  under n i t r o g e n , th e  dry ben zy l 
a lco h o l was d i s t i l l e d  o f f  from th e  calc ium , under n itro g e n , and th e  
f r a c t io n  b .p . 2 03 -203 .5°, n ^ ^ ‘^1 .5381 , was c o l le c te d  and 
stoppered  in  a  f l a s k  f lu s h e d  out w ith  n i tro g e n . This f l a s k  was kep t 
in  a d e s ic c a to r  c o n ta in in g  phosphorus p en to x id e .
The p e rcen tag e  o f .w a te r  p re s e n t in  th e  benzy l a lc o h o l was 
determ ined by means o f th e  K arl F isc h e r re a g e n t,  and was found to  
be 0.0176%.
Benzyl c h lo r id e
Benzyl c h lo r id e  was l e f t  to  d ry  over anhydrous sodium su lp h a te  fo r
sev e ra l days, and was th e n  f i l t e r e d  and re p e a te d ly  r e d i s t i l l e d  under
n itro g en  and reduced  p re s s u re . The f r a c t io n  b .p . 5 8 .9 ° / l0  mm.,
24„9
np ° 1.5366 was c o l le c te d  and s to p p ered  in  a f l a s k .  This f l a s k
was kept in  a d e s ic c a to r  c o n ta in in g  phosphorus p en to x id e .
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Xylene
Xylene was d r ie d  fo r  s e v e ra l  days ever anhydrous calcium  c h lo r id e ,  
and fo llo w in g  f i l t r a t i o n  was d i s t i l l e d  under n i tro g e n . The 
f r a c t io n ,  b .p . 136-138°was c o l le c te d  and ag a in  d i s t i l l e d  under 
n itro g e n , but t h i s  tim e from f r e s h ly  c u t sodium. The new f r a c t io n  
b .p . 1 3 6 .5 -138°, n ^ ^ * ^  1.4935 was s to p p ered  in  a f la s k  f lu sh e d  
out w ith  n i tro g e n , and was th e n  kep t in  a d e s ic c a to r  c o n ta in in g  
phosphorus p en to x id e .
The p e rcen tag e  o f w ater in  th e  xylene was determ ined  by means o f 
the K arl F isc h e r  re a g e n t, and was found to  be 0.0100%.
PREPARATION OF 4-CHL0R0METHYLC1JMENE
A m ixture o f 4—cum inyl a lc o h o l ( 84. g . ;  b .p .  136-138 .5°/22-25  mm.;
26
1.5178) and c o n c e n tra te d  h y d ro c h lo ric  a c id  (136 m l.; d 1 .1 8 ) 
was g e n tly  r e f lu x e d , w ith  s t i r r i n g ,  fo r  two h o u rs . A fte r  th e  
re a c t io n  m ix ture  had coo led  to  room te m p e ra tu re , i t  was e x tra c te d  
w ith e th e r ,  and th e  e th e r  e x t r a c t  was washed w ith  p o r tio n s  o f a 5? 
sodium b ic a rb o n a te  s o lu t io n  u n t i l  th e  w ashings were a lk a l in e .  The 
e th e r e a l  s o lu t io n  was th e n  washed w ith  w ater u n t i l  n e u t r a l ,  and 
d ried  over anhydrous sodium s u lp h a te . The f i l t e r e d ,  dry e th e r e a l  
so lu tio n  was c o n c e n tra te d , and a f t e r  a l l  th e  e th e r  had d i s t i l l e d  
o ff , th e  r e s id u a l  l iq u id  was d i s t i l l e d  under reduced  p re ssu re  to  
y ie ld  a c o lo u r le s s  d i s t i l l a t e ,  which on r e d i s t i l l a t i o n  gave 
4-chioromethy1cumene (47 g . ;  b .p .  1 1 6 .5 -1 1 7 .5°/20 -21  mm.; 
nD25*2 1.5214; y i e l d -50?).
C H Cl
C a lc u la te d  fo r  C]_qH-^C1 
Found
71 .20?  
71 .49?
7-78?
7 . 60?
21 . 02?
20.44?
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PREPARATION OF SODIUM BENZYL OXIDE
A ll th e  a p p a ra tu s  and chem icals used  in  th e  fo llo w in g  p re p a ra t io n s  
were th o ro u g h ly  d r ie d  b e fo re  u se , and w ater vapour was p rev en ted  
from e n te r in g  th e  ap p ara tu s  by means o f  calc ium  c h lo r id e  d ry ing  
tu b e s .
P rep a ra tio n  o f f in e ly  d iv id e d  sodium
In to  a th r e e  necked f la s k  f i t t e d  w ith  two s to p p e rs  and a condenser 
was poured x y len e  (51 g .)>  fo llow ed by sodium ( 5*4 g . ) , - c u t  under 
xy lene. The f la s k  was warmed on a therm om antle, and when th e  sodium 
had m elted , i t  was s to p p ered  w ith  a cork f i t t e d  w ith  a t i n  f o i l  
g ask e t, and v ig o ro u s ly  shaken u n t i l  th e  m olten sodium had d isp e rse d  
in  th e  xy lene  in  th e  form  o f  m inute g lo b u le s . The f la s k  was th e n  
l e f t  to  c o o l. '
P rep a ra tio n  o f  sodium b en zy l oxide s o lu tio n  .
The f la s k  c o n ta in in g  g lo b u le s  o f  sodium in  x y len e  was f i t t e d  w ith  a 
mercury se a le d  s t i r r e r ,  condenser, and a t a p  fu n n e l which co n ta in ed  
a so lu tio n  o f b en zy l a lc o h o l (24*3 m l.)  in  xy len e  (50  m l . ) .  This 
so lu tio n  was slow ly  added to  th e  v ig o ro u s ly  s t i r r e d  suspension  o f • 
sodium in  xylene., and a f t e r  i t s  com plete a d d itio n , th e  w h ite  
suspension  in  th e  f la s k  was s t i r r e d  fo r  a f u r th e r  hour w h ils t  i t  
cooled down to  room te m p e ra tu re . The xy lene  was th e n  drawn o f f
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u n d e r  n i t r o g e n  a n d  r e d u c e d  p r e s s u r e ,  a n d  t h e  f l a s k  w a s  t h e n  l e f t  
o v e r n i g h t  i n  a  v a c u u m  d e s i c c a t o r ,  p r e v i o u s l y  f l u s h e d  o u t  w i t h  
n i t r o g e n ,  w h i c h  c o n t a i n e d  p h o s p h o r u s  p e n t o x i d e  a n d  p a r a f f i n  w a x .
T h e  s o d i u m  b e n z y l  o x i d e  w a s  d i s s o l v e d  i n  b e n z y l  a l c o h o l  
( 1 5 0  m l . ) ,  a n d  t h e  r e s u l t i n g  s o l u t i o n  w a s  c e n t r i f u g e d  t o  o b t a i n  a  
c l e a r  y e l l o w  s o l u t i o n  o f  t h e  s o d i u m  b e n z y l  o x i d e  i n  b e n z y l  a l c o h o l .  
T h i s  s o l u t i o n  w a s  d e c a n t e d  o f f  i n t o  a  f l a s k ,  w h i c h  w a s  t h e n  
s t o p p e r e d  a n d  p l a c e d  i n  a  d e s i c c a t o r  c o n t a i n i n g  p h o s p h o r u s  p e n t o x i d e .
T h e  n o r m a l i t y  o f  t h e  s o d i u m  b e n z y l  o x i d e  s o l u t i o n  w a s  d e t e r m i n e d  
b y  a d d i n g  a  k n o w n  v o l u m e  t o  s t a n d a r d  c a r b o n  d i o x i d e - f r e e  h y d r o c h l o r i c  
a c i d ,  a n d  t i t r a t i n g  t h e  e x c e s s  a c i d  p r e s e n t  a g a i n s t  s t a n d a r d  
c a r b o n a t e - f r e e  s o d i u m  h y d r o x i d e  s o l u t i o n .  D u r i n g  t h e  t i t r a t i o n  t h e  
o p e n  e n d  o f  t h e  b u r e t t e  w a s  t e r m i n a t e d  b y  a  s o d a  l i m e  g u a r d  t u b e .
T h e  s o d i u m  b e n z y l  o x i d e  s o l u t i o n  w a s  t h e n  b r o u g h t  t o  t h e  r e q u i r e d  
n o r m a l i t y  b y  t h e  a d d i t i o n  o f  a  c a l c u l a t e d  a m o u n t  o f  b e n z y l  a l c o h o l .  
T h e  n o r m a l i t y  o f  t h e  s o l u t i o n  w a s  t h e n  d e t e r m i n e d  b y  t h e  p r o c e d u r e  
d e s c r i b e d  o n  t h e  f o l l o w i n g  p a g e .
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DETERMINATION OF THE NORMALITY OF SODIUM BENZYL.OXIDE SOLUTION
Im m ediately p r io r  to  u se , a  dry  p ip e t te  (10 m l.)  was r in s e d  o u t, 
using  a Npumpette1*, w ith  sodium benzy l oxide s o lu t io n .  This 
s o lu tio n  was d isca rd e d  and a f r e s h  p o r tio n  was p ip e t te d  in to  a c le a n , 
dry s ta n d a rd  f l a s k  (20 m l .) .  The s o lu tio n  was made up to  th e  20 ml. 
mark w ith  dry  benzy l a lc o h o l ,  and the  f l a s k  was th e n  s to p p e red  and 
thoroughly  shaken f o r  1-g- m in u tes .
A dry  sy rin g e  (2 m l .) ,  p re v io u s ly  r in s e d  out w ith  some s o lu tio n  
from th e  s ta n d a rd  f l a s k ,  was used  to  t r a n s f e r .  2 m l. p o r tio n s  o f th e  
so lu tio n  from th e  s ta n d a rd  f la s k ,  in to  dry  s o f t  g la s s  t e s t  tu b e s , 
which were th en  f lu sh e d  out w ith  dry  n itro g e n  and s e a le d . A ll  th e  
tubes were th e n  immersed a t  11 ze ro  tim e11 in  a th e rm o s ta t a t  
70.55 + 0 .0 5 °. At g iven  tim e in te r v a l s ,  a  tube  was removed from 
the th e rm o s ta t ,  w iped, washed re p e a te d ly  w ith  c o ld  d i s t i l l e d  w a te r , 
and p re n e u tra l iz e d  aqueous m ethanol, and th e n  c ru sh ed  in  a f l a s k  
co n ta in in g  s ta n d a rd  carbon d io x id e - f re e  h y d ro c h lo ric  a c id  (5  m l.)  
d i lu te d  w ith  p re n e u tra l iz e d  aqueous m ethanol. The c o n c e n tra tio n  of 
excess a c id  was determ ined  by t i t r a t i o n  a g a in s t  s ta n d a rd  c a rb o n a te -  
free  sodium hydroxide s o lu t io n ,  u s in g  p h e n o lp h th a le in  as an in d ic a to r .
During th e  t i t r a t i o n s  th e  open end of th e  b u re t te  was te rm in a te d  
by a soda lime guard  tu b e .
From th e se  r e s u l t s  th e  n o rm a lity  o f th e  sodium benzy l oxide 
s o lu tio n  was determ ined .
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Example
V ol. oxide s o lu t io n  in  f l a s k  = V ol. p ip e t te  (10 m l.)  = 10 ml.
V ol. HC1 w ith  each tu b e  = V o l0 p ip e t te  (5 m l.)  = 5 m l.
V ol. s ta n d a rd  f l a s k  (20 m l . ) = 20 ml.
Vol. sy rin g e  (2 m l.)  = 2.022 m l.
V ol. o f th e  c o n ten ts  o f each  tube  a t  70.55 +. 0 .05° = 2 .097  ml.
Norm ality of NaOH s o lu t io n  = 0.1070 N
N orm ality  of HC1 s o lu t io n  = 0.08610 N
E quivalen ts o f  s ta n d a rd  HC1 i n i t i a l l y  p re s e n t w ith  each tube  = 4.305*10 ^
In te rv a l  from 
zero tim e .
V ol. NaOH 
used .
Equiv. NaOH Equiv. HC1 
used . ex cess .
Equiv. HG1 Equiv, oxide 
re a c te d , in  each tu b e .
10 m ins. 0.105 ml. 1 . 1 2 4 * io “ 5 4 .1 9 3 * 1 0 " ^
25 . 0.089 0.9528 4 .2 1 0
50 0.089 0.9528 4 .210
60 0.104 1.114 4 .194
90 0.097 1.039 4 .201
140 0.103 1.103 4.195
200 0.105 1 .1 2 4 4.193
Mean value  o f  eq u iv . oxide in
Mean v a lu e  o f eq u iv . oxide in
— 4»199 * 10
2.097 ml. a t  70.55 + 0.05 
v2.C22 m l. a t  room temp,
20  m l. s ta n d a rd  f la s k .
10 m l. oxide s o lu t io n .
Normality of sodium ben zy l oxide s o lu t io n  = 0.4-153 N
rU
4 .1 5 3 *  10-3
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PREPARATION OF POLY (VINYLBENZYL BENZYL ETHER')
A ll the  a p p a ra tu s  used  in  th e  p re p a ra t io n  o f p o ly (v in y lb en z y l 
benzyl e th e r )  was th o ro u g h ly  d r ie d ,  and w ater vapour was p rev en ted  
from e n te r in g  th e  a p p ara tu s  by th e  use of calcium  c h lo rid e  d ry in g  
tu b es .
A th re e  necked f l a s k  f i t t e d  w ith  a  condenser, gas i n l e t  tu b e , 
and a ta p  fu n n e l, was p la ce d  in  an o i l  b a th  a t  7 0 -8 0 ° . A s o lu t io n  
(65 m l.) o f  0.4928N sodium benzy l oxide in  benzy l a lc o h o l was poured 
in to  th e  f l a s k ,  and w h ils t  dry n itro g e n  was bubbled th rough  t h i s  
s o lu tio n , a s o lu t io n  o f d r ie d  ch lo ro m eth y la ted  p o ly s ty re n e , 
polymer 7 (2 .723 g . ) in  dry  ben zy l a lc o h o l (50 m l.)  was slow ly  added 
from th e  ta p  fu n n e l. Follow ing th e  com plete a d d i t io n  of th e  c h lo ro ­
m ethy lated  p o ly s ty re n e  s o lu t io n ,  th e  passage o f dry n itro g e n  gas was 
continued  fo r ' a f u r th e r  n ine  hours w h ils t  th e  f l a s k  was a t  70-80°, 
and th en  u n t i l  th e  c o n te n ts  o f th e  f l a s k  had reached  room te m p e ra tu re .
The b en zy l a lc o h o l s o lu t io n ,  to g e th e r  w ith  a  s l i g h t  amount o f 
denser o i l ,  was added dropw ise to  a m ixture of v ig o ro u s ly  s t i r r e d  
methanol (500 m l.)  and N su lp h u r ic  a c id  (32 m l .) .  The polym eric 
m a te r ia l ,  which was only  p a r t i a l l y  p r e c ip i ta te d  as a tack y  mass in  
the a c id ic  m ethanol, was f i l t e r e d  o f f  and re d is s o lv e d  in  benzy l 
a lco h o l. This s o lu t io n  was re p e a te d ly  washed w ith  b r in e  u n t i l  the  
washings were n e u t r a l ,  and th e n  th e  b enzy l a lc o h o l was removed in  
a ro ta ry  f ilm  e v a p o ra to r  a t  110-12CP/15-1S mm*
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The p o ly (v in y lb en z y l b enzy l e th e r ) ,  con tam inated  w ith  sodium 
c h lo r id e , was d is so lv e d  in  carbon te t r a c h lo r id e  (50  m l. 3 b .p 0 77° )  
and was re p e a te d ly  shaken w ith  p o rtio n s  of d i s t i l l e d  w ater u n t i l  
the w ashings were f r e e  of c h lo r id e  io n s . The carbon te t r a c h lo r id e  
so lu tio n  was d r ie d  over anhydrous sodium s u lp h a te , and f i l t e r e d  in to  
the r o ta r y  f i lm  e v a p o ra to r . The so lv e n t was drawn o ff  under reduced  
p ressu re  a t  70 , and then  th e  po l.y fv iny lbenzy l benzy l e t h e r ) re s id u e  
was d r ie d  t o  c o n s ta n t w eight a t  100° / 0 . 5- 0 .0 1  mm., over s e v e ra l  days. 
An e x te n d ib le  s o l id  was form ed.
G H
Cl 6 Hl6 °
Found
85 .67%
3 5 .49$
7 .19$
7 .65$
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DETERMINATION OF RATE CONSTANTS
D eterm ination  o f the  r a te  c o n s ta n t in  th e  r e a c t io n  between benzy l 
ch lo rid e  and sodium benzy l ox ide , in  benzy l a lc o h o l , a t
70.55 ± 0 .0 5 ° .
By means o f a dry  t e a t  p ip e t t e ,  d ry  b enzy l c h lo r id e  was p laced  in
a d ry , weighed s ta n d a rd  f l a s k  (20  m l.)?  and th e n  th e  f la s k  w ith
i t s  c o n ten ts  were rew eighed . Follow ing d i lu t i o n  w ith  a l i t t l e  dry
benzyl a lc o h o l , sodium b en zy l oxide s o lu t io n  (10  m l.)  was added to
the f l a s k .  The procedure used  fo r  th e  a d d it io n  and subsequent work
was th a t  d e sc r ib e d  on page172  «
The r a t e  c o n s ta n t f o r  th e  r e a c t io n  was determ ined  from a g raph
d erived  from th e  fo llo w in g  e x p re ss io n j
tk q  = 1 Ln b , (a -x )
• ' . (a -b ) a „ (b -x )
where, ’ I I
^  = The r a te  c o n s ta n t fo r  the  r e a c t io n  ( l .  mole-" min. ~ ) .
t  = The in t e r v a l  from u zero  tim eu (m in .) .
a = The c o n c e n tra tio n  o f sodium b en zy l oxide in  each  s e a le d
tube a t  zero  tim e , a t  70.55 + 0 . 05° ( m o le s / l . )•
b = The c o n c e n tra tio n  o f th e  ch lo rom ethy l compound in  each
se a le d  tube  a t  ze ro  tim e , a t  70 .5 5  + 0 . 05° ( m o le s / l . ) .
x = The c o n c e n tra tio n  of each r e a c ta n t  th a t  has re a c te d  in
th e  s e a le d  tube  du rin g  wt l* m inutes a t  70.55 + 0.05°
( m o le s / l . ) .
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In  c a lc u la t in g  th e  v a lu e s  of na11, l,bl*, and wxlt, th e  volume of 
s o lu tio n  in  each  s e a le d  tube a t  70.55 + 0 .0 5 ° is  re q u ire d , and no t 
th a t  a t  room tem p eratu re  (2 .022  m l .) .  In  a b lank  experim ent u s in g  
only b en zy l a lc o h o l, th e  in c re a se  in  volume a t  70.55 + 0.05°was 
determ ined , and i t  was c a lc u la te d  t h a t  2.022 m l., a t  room tem p era tu re , 
would expand to  2 ,097 ml.
HaH was determ ined  by a. b lan k  run  using  only sodium benzyl oxide 
s o lu t io n  (10 m l,) ,  d i lu te d  w ith  benzy l a lc o h o l to  a volume of 
20 ml. in  a s tan d a rd  f l a s k .  The procedure  used was as d e sc r ib e d  
on pages 172-173* 
ubH was determ ined  from th e  known w eight o f ch lo rom ethy l compound 
in  th e  s ta n d a rd  f la s k ,  
ttxu was de term ined  from th e  q u a n ti ty  o f excess a c id  p re se n t a f t e r  a 
tube had been c ru sh ed .
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E x a m p le
V o l .  HC1 w i t h  e a c h  t u b e  = V o l .  p i p e t t e  (5 m l . ) = 5 m l .
V o l .  s t a n d a r d  f l a s k  (20 m l . ) = 20  m l .
V o l .  s y r i n g e  (2 m l . ) = 2 .0 2 2  m l .
0
V o l .  o f  t h e  c o n t e n t s  o f  e a c h  t u b e  a t  70.55 + 0.05 = 2 . 097 m l .
M a s s  o f  b e n z y l  c h l o r i d e  i n  s t a n d a r d  f l a s k  (20 m l . ) = 0.3392 g «.
- 0
E q u i v .  o x i d e  i n  2 .097  m l .  a t  70.55 + 0.05 = 4.199 * 1CT*
N orm ality  o f NaOH s o lu t io n  -  0*1070 N
N orm ality  o f HC1 s o lu t io n  = 0,08610 N
E q u iv a len ts  o f  s ta n d a rd  HC1 i n i t i a l l y  p re se n t w ith  each tube  -  4.305*10“^ 
a  = 0.2002  m o le s / l i t r e .  . ■ b = 0.1292  m o le s / l i t r e .
I n t e r v a l  f r o m  
z e r o  t i m e .
V o l .  NaOH 
u s e d .
E q u i v .  NaOH E q u i v .  HG1 
u s e d .  e x c e s s .
E q u i v .  HG1 E q u i v .  o x i d e  
r e a c t e d ,  i n  2 .097 m l .
10 m i n . 0 .474 flOL 0 .5 0 7 5 * 1 0 “^ 3 .797  * 10“^
25 O.846 0.9057 3.399
5° 1 .298 1.390 2.915
90 1.742 *1.865 2 .440
H O 2.032 2.175 2 .1 3 0
200 2 .2 4 1 2.399 1 .906
280 2.399 2 .5 6 8 1.737
1
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Cone. oxide 
unreacted  Ha -x n 
m o l e / l i t r e .
Cone, oxide 
re a c te d  uxu 
m o le / l i t r e .
Gone, c h lo r id e  
u n re a c te d  nb -x H 
m o le / l i t r e .
tk 2
l.m o le  ^
OolBlO 0.0192 0.1100 0.3173
0.1621 0.0331 0.0911 : 1.951
0.1390 0.0612 0.0630 3 .396
0.1163 0.0839 0 .04-53 7 ,120
0.1016 0.0936 0.0306 10.74-
0.0909 0.1093 0.0199 15.24-
0.0828 0.1174- 0.0113 2 1 .24.
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D e t e r m i n a t i o n  o f  t h e  r a t e  c o n s t a n t  i n  t h e  r e a c t i o n  b e t w e e n  l - c h l o r o -  
m et h v l c u m e n e  a n d  s o d i u m  b e n z y l  o x i d e ,  i n  b e n z y l  a l c o h o l ,  a t
70.55 + 0 .0 5 ° .
The procedure  adopted  was e x a c tly  th e  same as t h a t  used in  th e  
d e te rm in a tio n  o f  th e  r a t e  c o n s ta n t fo r  th e  r e a c t io n  between b enzy l 
c h lo rid e  and sodium benzy l ox ide .
D eterm ination  o f th e  r a t e  c o n s ta n t in  th e  r e a c t io n  between 1 -c h lo ro -  
m e th v ls ty re n e -s ty ren e  copolym er, polymer 5, and sodium benzy l 
oxide, in  b enzy l a lc o h o l, a t  70.55 + 0.05° ,
The a p p ro x im a te ly -re q u ire d  mass of dry copolymer was weighed out on 
a paper tra y *  and was th e n  em ptied in to  a dry* weighed s tan d a rd  
f la s k  (20 m l.)  v ia  a paper fu n n e l. The f l a s k  and i t s  c o n ten ts  were 
then reweighed* and a l i t t l e  dry  benzy l a lc o h o l was added. The 
f la s k  was s to p p e red  and was l e f t  in  a d e s ic c a to r  c o n ta in in g  
phosphorus pen tox ide  overn igh t*  during  which tim e d is s o lu t io n  o f  th e  
copolymer o ccu rred .
The a d d i t io n  of th e  sod ium 'benzy l oxide s o lu t io n  (10 m l.)*  and th e  
subsequent procedure* was as d e sc rib e d  on pages 172 and 176.
D eterm ination of th e  r a te  c o n s ta n t in  the  r e a c t io n  between pol.y- 
(1 -ch lo ro m e th v ls ty re n e ), polymer 2 . and sodium benzy l ox ide , in  
benzyl a lc o h o l , a t  70.55 ±  0 .05° ,
The procedure adopted  was e x a c tly  th e  same as t h a t  used in  the
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d e te rm in a tio n  of th e  r a t e  c o n s ta n t f o r t h e  r e a c t io n  between the  
copolymer and sodium b en zy l oxide s o lu t io n .
D eterm ination  o f th e  r a te  c o n s ta n t in  the  r e a c t io n  between po ly -  
(A -ch lo ro m eth y ls ty ren e) , polymer A, and sod ium benzy l ox ide , in  
benzyl a lc o h o l ,  a t  70 .55 ± 0 .0 5 ° .
Polymer 4 was le s s  r e a d i ly  so lu b le  th an  polym ers 2 and 5. However* 
the p ro c e d u re .used w ith  t h i s  polymer was as d e sc rib e d  fo r  polymer 2 
up to* and in c lu d in g  i t s  m aintenance in  a d e s ic c a to r  o v e rn ig h t. The 
fo llow ing day, a f t e r  th e  f l a s k  had been warmed in  an oven a t  4-0° fo r  
fiv e  m inutes* sodium b en zy l oxide s o lu t io n  (10 m l.)  was added from 
a p ip e t te  which had been p re v io u s ly  r in s e d  out w ith  some o f the  
oxide s o lu t io n ,  ' The c o n te n ts  o f th e  f la s k  were th en  f u r th e r  d i lu te d  
w ith dry  benzy l a lc o h o l u n t i l  a volume o f 20 ml, was p re s e n t .  The 
f la s k  was stoppered* th o ro u g h ly  mixed, and th e n  re p la c e d  in  the  
oven a t  4-0° f o r  15 m inu tes. A fte r  th i s  tim e in te r v a l  th e  le v e l  o f 
the l iq u id  in  th e  f l a s k  was noted* and th e  c o n te n ts  of the  f l a s k  
were th o ro u g h ly  mixed.
A sy rin g e  (2 m l .) ,  p re v io u s ly  warmed a t  4-0°, and r in s e d  out w ith  
some of th e  s o lu t io n  from th e  fla sk *  was used  to  t r a n s f e r  2 ml. 
po rtio n s  o f th e  l iq u id  in  th e  f la sk *  in to  clean* dry s o f t  g la s s  
t e s t  tu b e s . These tu b es  were th en  f lu sh e d  out w ith  dry  n itro g e n  
and s e a le d . The procedure th e n  adopted  fo r  d e term in ing  th e  r a te
-  182 -
c o n stan t o f the  r e a c t io n  was t h a t  d e sc rib e d  on pages 172  and 176.
The c o n te n ts  o f the  f l a s k  were made up to  th e  20 ml. mark a t  room 
tem perature^ when th e  f l a s k  was p laced  in  th e  oven a t  4-0° an 
expansion o f th e  l iq u id  c o n te n t o ccu rred . In  a b lank  experim ent 
using only  b enzy l a lcoho l*  th e  in c re a se  in  th e  volume a t  40° was 
determined* and th e  c o n c e n tra tio n  o f th e  r e a c ta n ts  in  th e  above 
procedure were s u i ta b ly  c o r re c te d .
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d e t e r m i n a t i o n  o f  t h e  e x t e n t  o f  r e a c t i o n  b e t w e e n  b e n z y l  a l c o h o l  a n d  a
CHLOROHETHYL COMPOUND
B la n k  k i n e t i c  r u n s  w e r e  c a r r i e d  o u t  u s i n g  o n l y  a  g i v e n  c h l o r o m e t h y l  
c o m p o u n d  a n d  b e n z y l  a l c o h o l *  i n  o r d e r  t o . d e t e r m i n e  w h e t h e r  a n y  s i d e -  
r e a c t i o n  o c c u r r e d  b e t w e e n  t h e  c h l o r o m e t h y l  c o m p o u n d  a n d  t h e  s o l v e n t .  
E x a c t l y  t h e ' s a m e  p r o c e d u r e  w a s  u s e d  a s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  
n o r m a l i t y  o f  a  s o d i u m  b e n z y l  o x i d e  s o l u t i o n .
A k n o w n  q u a n t i t y  o f  t h e  c h l o r o m e t h y l  c o m p o u n d  ( e q u i v a l e n t  t o  t h a t  
u s e d  i n  a  k i n e t i c  r u n ) *  w a s  d i s s o l v e d  i n  b e n z y l  a l c o h o l  i n  a  
s t a n d a r d  f l a s k *  a n d  t h e n  d i l u t e d  w i t h  f u r t h e r  b e n z y l  a l c o h o l  t o  a  
f i n a l  v o lu m e  o f  20 m l .  A f t e r  b e i n g  m a i n t a i n e d  a t  70 .55  + 0 .0 5 ° ; t h e  
t u b e s  w e r e  b r o k e n  a t  v a r i o u s  t i m e  i n t e r v a l s  ( c o r r e s p o n d i n g  t o  t h o s e  
u s e d  i n  a  k i n e t i c  r u n ) *  u n d e r  s t a n d a r d  c a r b o n  d i o x i d e - f r e e  
h y d r o c h l o r i c  a c i d  ( l  m l . ) d i l u t e d  w i t h  p r e n e u t r a l i z e d  a q u e o u s  
m e th a n o l *  a n d  t h e  e q u i v a l e n t s  o f  a c i d  p r e s e n t  w e r e  t h e n  d e t e r m i n e d  
b y  t i t r a t i o n  a g a i n s t  s t a n d a r d  c a r b o n a t e - f r e e  s o d i u m  h y d r o x i d e  s o l u t i o n  
( s o d a  l i m e  g u a r d  t u b e  a t  t h e  o p e n  e n d  o f  t h e  b u r e t t e ) *  u s i n g  
p h e n o l p h t h a l e i n  a s  t h e  i n d i c a t o r .
I t  w a s  f o u n d  t h a t *  w i t h  e a c h  o f  t h e  c h l o r o m e t h y l  c o m p o u n d s  u s e d *  
s l i g h t l y  m o r e  a c i d  w a s  p r e s e n t  t h a n  h a d  b e e n  a d d e d .  T h e  q u a n t i t y  o f  
e x c e s s  a c i d *  f o r  a  g i v e n  c h l o r o m e t h y l  c o m p o u n d *  w a s  f o u n d  n o t  t o  v a r y  
w i t h  t h e  t i m e  a t  w h i c h  t h e  c o m p o u n d  a n d  b e n z y l  a l c o h o l  h a d  b e e n  h e a t e d  
a t  70.55 + O.OfP; t h e s e  q u a n t i t i e s  w e r e  a s  f o l l o w s ;
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C h l o r o m e t h y l  c p d .
M e a n  e q u i v .  • 
e x c e s s  a c i d
C o n e .  c p d . / s e a l e d  t u b e
4 - c h l o r o m e t h y l c u m e n e  
B e n z y l  c h l o r i d e  
H o m o p o ly m e r ,  p o l y m e r  4 
H o m o p o ly m e r ,  p o l y m e r  2 
C o p o ly m e r
5.3 x l o “ 6
3 .2
3 .7
4 .9
4 .1
0.07654 m o l e s / l .  
0.09069 
.0.1081 
0.08917 
0.07537
S i n c e  t h e  n u m b e r  o f  e q u i v a l e n t s  o f  s o d i u m  b e n z y l  o x i d e  s o l u t i o n
p re sen t i n i t i a l l y  in  each tu b e , in  any k in e t ic  ru n , i s  
-4
4*02-4*42  ^10 , th e  q u a n tity  o f a c id  produced by th e  in te r a c t io n
of th e  benzy l a lc o h o l and ch lo rom ethy l compound i s  approx im ate ly  
1/d o f th e  sodium ben zy l oxide i n i t i a l l y  p re se n t in  each tu b e  o f a 
ru n ,
The ex ac t cause o f th e  s l ig h t  h y d ro ly s is  o f th e  ch lorom ethyl 
compounds i s  n o t known; i t  i s  n o t t im e -v a r ia b le , and i t  i s  
num erically  sm a ll. I t  was d ecided  th a t  no a ttem p t was to  be made 
to  c o rre c t fo r  i t .
RESULTS
BENZYL CHLORIDE 
Him 1 Run 2
n = 0.2002 b = 0.1292  m o l e / l i t .  a = 0.2002 b = 0.094-34 m o le / l i t ,
t X tk 2
10 min. 0.0192 0.8478
25 0.0381 1 .954
50 0.0612 3 .896
90 0.0839 7 .120
140 0.0986 10 .74
200 0.1093 15 .24
2S0 0.1174 2 1 .2 4
t X tk g
10 min. 0.0150 0.9005
25 0.0292 2 ,008
50 0.0488 4.099
90 0.0634 6 .934
140 0.0762 11 .06
218 0.0861 17.72
280 0.0906 2 4 .8 0
Run 3
a = 0.1915 b = 0.08332
t X tk g
10 min. 0.0131 0.9215
25 0.0253 2.032
45 0.0376 3.523
70 0.0492 5.499
105 0.0597 8 .1 9 4
145 0.0673 11.23
200 0.0741 15.82
270 0.0785 21 .47
Run 4-
a = 0.1910 b = 0.08228
t X tfc>
10 min. 0.0125 0.8923
25 0.0249 2 .0 3 0
45 0.0384 3.712
70 0.0498 5.772
105 0.0601 8.582
155 0.0696 13.03
200 0.0745 17. U
270 0.0782 22.79
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Run 5
a = 0.1910 b = 0.0914-1
t X tk 2
10 min. 0.0130 0.8305
30 0.0318 2.479
60 0.0503 4.955
95 0.0634- 7.821
135 0.0734- 11.44
200 . 0.0812 16.45
Run 7
a = .0 .1968 b = 0.09266
t X tk 2
10 min. 0.0141 0.8736
25 . 0.0295 2.126
4.5 0.0436 3.699
70 . 0.0570 5.886
105 0.0676 8.515
150 0.0770 12.29
200 0.0826 16.09
260 0.0877 2 2 .4 4
Run 6
a = 0.1968 b = 0.08718
t X tk 2
10 min. 0 .0114 0.7288
25 0.0264 1.977
45 0 .0407 3.625
70 0.0519 5.463
105 0 .0636 8.361
155 0.0715 11.53
200 0.0776 15.56
240 0.0806 18.77
Run 8
a = 0.1966 b = 0.09432
t X t k 2
10 min. 0.0137 0.8269
25 0.0293 2 .054
45 0 .0444 3.712
70 0.0583 5.970
100 0.0678 8.269
140 0.0766 11.52
190 0.0816 14*34
310 0.0886 21 .54
i i h l t j j  4-j-i j ■[ I j i l  j : -Mi .|-j i l i  ■ i i l l  j -L! -M: -j l-j-l - 
illili; h:ljj Rangi.H 111~81 ■}[';(';
jmins*
- 1 8 8  -
4-C HLOROMETHILC IMENE
Run 1
a = 0*1996 b = 0.0933 5
. t - X t k 2
10 min. 0.0203 1 .299
25 0.0404 3 .2 0 6
45 0.0572 5.749
70 0.0700 S. 976
100 0.0777 12 .16
135 0.0836 16 .15
175 0.0874 20 .49
200 0 .!0895 24.42
Run 2
a = 0.1996 b — 0.09005
t x t k 2
10 min. 0.0193 1 .267
25 0.0382 3.097
45 0.0551 5.690
70 0.0674 8.835
100 0.0759 12 .52
135 0.0812 16 .42
175 0.0853 21.77
200
. ........ ..... ......
0.0869 25*39
Run. 3
a = 0.1996 b = 0.1173
t X t k 2
8 min. 0.01980 0.9817
24 0.04770 3 .020
40 0.06380 4 .854
58 0.07760 7 .180
78 • 0.08690 9.458
98 0.09450 1 2 .1 2
118 0.09930 14 .41
128 . 0.1014 15 .70
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COPOLYMER, POLYMER 5
Run 1 Run 2
a = 0,1994 b = 0,07593 a = 0,1994 b = 0,07903
t - X tk 2
10 min. 0,0085 0.6026
25 0.0200 1.624
50 o. 0346 3.379
80 0.0449 5.177
120 0.0549 7.799
180 0.0617 10.55
250 0.0656 12.93
355 0.0703 17.55
t X tk 2
10 min. 0 .C1C0 0.6953
25 0 .0224 1,779
40 0.0303 2.653
65 0.0405 4 .084
90 0.0492 5.742
115 0.0546 7.103
220 0.0683 13.10
390 0.0714 15.74
Run 3
a = 0.1994 b =  0.07469
t X tk 2
10 min. 0.0086 0.6631 ■
25 0.0200 1.686
40 0.0283 2 .630
65 0.0379 4.020
90 0.0465 5.720
115 0.0526 7 .350
220 0.0621 11.32
350 0.0648 13*10
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POLY(4~CHL0R0MBTHYLSTYRENE), POLYMER 2
Run 2 •Run 1
a = 0,1915 b .=  Oo 09200
1 t X tk 2
10 min. 0.0120 0.7478
25 0.0272 1.972
40 0,0370 3.009
65 0.0483 4.553
90 0.0563 6.012
115 0.0619 7.298
225 0.0738 1 1 .4 0  .
-’40 0.0799 14.96
Run 3
a = 0.1915 b -  0.08780
t X tfc.
10 min. 0.0107 0.6990
25 0.0261 .1.980
# £ 0.0364 3 .127
55 0.0423 3 .928
70 0 .0476 4.776
90 o. 0544 6.091
135 0.0613 7.827
225 0.0713 11.62
a  = 0. 1915 b = 0.1020
t X t k 2
10 min. O.OI46 0.8202
25 0.0304 2.022
40 0.0405 2.982
70 0.0546 4.803
90 0.0613 5.941
160 0.0749 9.258
320 0.0872 14.77
Run 4
a  = 0.1968 b = 0.09175
t X tk 2
10 min. 0.0110 0.6720
25 0.0262 1.845
40 0.0362 2.843
5 7 i 0,0453 3.986
70 0.0500 4.703
102-g- 0.0607 6 .800
180 0.0712 9 .9 6 1
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P0LY(4-CHL0R0METHYLSTYRENE), POLYMER L
Run 1
a = 0.1895 b = 0.1035
t tk 2
10 min. o . 0041 0.2034
25 0.0161 0.9175
40 0.0266 1.686
55 0.0340 2 .322
70 0.0398 2 .898
90 0.0448 3 .454
150 0.0554 4.883
280 0.0669 7.013
Run 3
a = 0.1895 b = 0.1028
t X tk 2
10 min. 0.0074 0.3968
25 0.0206 1.245
40 0.0303 2.018
55 0.0379 2 .721
7 2 i' 0.0436 3 .3 4 0
110 0.0540 4.708
200 0.0676 7.264
300 0.0746 9 .141
Run 2
a = 0.1895 b = 0, 1020
t x . 49*
-p
10 min. 0.0094 0.5246
25 0.0206 1.252
40 0.0309 2 .084
55 0.0378 2 .750
70 0.0427 3.268
' 105 0.0528 4.597
205 0.0704 8.079
375 0.0839 13.07
Run 4
a = 0.1954 b = 0.1038
j t X tk 2
10 min. 0.0090 0.4695
25 0.0215 1.265
40 0.0325 2 .107
55 0 0 0419 3 .004
70 0.0472 3.602
90 0.0547 4.591
175 0.0706 7.551
320 0.0862 13.02
iii
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VALUE OF THE RATE CONSTANTS (1. mole-1  m in.'1 )
BENZYL CHLORIDE 4-C HLOROMETHYLC UMSNE
Run 1 0.0778 0.128
2 0.0776 0 .126
3 0.0770 0.121
4 0.0815
5 0.0825
6 0.0801
7 0.0818
8 0.0825
COPOLYMER, POLYMER 5
.% R eaction Run 1 Run 2 Run 3 Mean value
10 0.0682 0.0625 0 .0645 0.0651
20 0.0682 0.0629 0.0646 0.0652
30 0 .0688 0.0623 0.0640 0.0650
40 0.0682 0.0625 0.0640 0.0649
45 0.0640 0.0640
50 0.0652 0.0603 0.0623 0 .0626
60 0.0629 0.0580 0.0617 0.0609
65 0.0596 0.0596
70 0.0565 0.0542 0.0580 0.0562
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POLI (4-C HLOROMETHYLSTYRENE ), POLYMER 2
% Reaction Run 1 Run 2 Run 3 Run 4 Mean value
10 0 .0832 0 .0811 0.0940 0 .0832 0 .0 8  54
20 ' 0 ,0800 0.0790 0 .0822 0.0763 0.0794
30 0.0727 0.0705 0.0727 0 .0688 . 0.0712
35 . 0 .0688 0.0688
40 0 .0672 O.O64O 0 .0652 O.O663 0.0657
45 0 .0640 0.0607 0.0623
50 0.0607. 0 .0582 0 .0582 0.0625 0.0599
55 . 0.0570 0.0570
60 0.0546 0.0524 0.0527 0.0565 0.0540
70 0 .0466 0 .0466 0.045^ 0.0483 0.0468
POLY(4-C HLOROMETHYLSTYRENE), POLYMER 4
% Reaction Run 1 Run 2 Run 3 Run 4 Mean value
10 0 .0500 0.0541 0.0550 0.0546 0.0534
20 0.0496 0 .0 5 2 2 0.0536 0.0546 0.0525
30 0.0435 0.0496 0 .0500 0.0541 0.0493
40 0.0333 0 .0 4 2 0 0 .0420 0.0536 0.0427
50 0 .0230 0.0363 0.0337 0.0454 0.0346
60 0.0166 0.0337 0.0289 0.0363 0.0289
64 0,0162 0.0337 0 .0260 0.0253
65 . 0.0319 0.0319
70 0.0325 0.0202 0.0263
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D I S C U S S I O N
I f  th e  11Y11 s u b s t i tu e n t  in  a p a r a - s u b s t i tu te d  b enzy l c h lo r id e  can be 
conven ien tly  co n v erted  in to  a v in y l  grouping w ith o u t a f f e c t in g  th e  
r e s t  o f th e  m olecu le , o r th e  nZn s u b s t i tu e n t  in  a p a ra - s u b s t i tu te d  
s ty rene  be co n v erted  in to  a ch lo rom ethy l grouping  w ith o u t a f f e c t in g  
the r e s t  o f th e  m olecu le, th en  two p o ss ib le  means would become 
a v a ila b le  fo r  th e  s y n th e s is  of 4—ch lo ro m e th y ls ty ren e . However, a 
s a t i s f a c to r y  p re p a ra t io n  o f  th e  d e s ire d  monomer v ia  a s u b s t i tu te d  
s ty rene  (ro u te  a ) would be ex trem ely  d i f f i c u l t  due to  th e  r e a c t i v i t y  
of the v in y l  g roup ing . Besides th e  re q u ire d  co n v ers io n , th e  added 
re a c ta n ts  may r e a c t  w ith  th e  v in y l  group, or i n i t i a t e  u n c o n tro lle d  
po ly m erisa tio n  between monomer u n i ts  in  which a p a ra -ch lo ro m eth y l 
group i s  p re s e n t ,  and monomer u n i ts  where r e a c t io n  w ith  the  p a ra -  
s u b s t i tu e n t  has n o t tak en  p la c e .
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The same problems a r i s e  when th e  "Z" grouping i s  m erely  a hydrogen
atom, and th e  p o s s i b i l i t y  i s  co n sid e red  of co n v ertin g  s ty re n e  to
4 -c h lo ro m e th y ls ty re n e . Such a co n version , in v o lv in g  c h lo ro -
m e th y la tio n , has n e v e r th e le s s  been co n sid e red  by Cerny and
(91)
W ichterle  , who on ch lo ro m eth y la tin g  s ty ren e  in  th e  p resence  o f 
'an  i n h ib i to r  o b ta in ed  a ch lo ro m eth y la ted  product o f  th e  re q u ire d  
m olecular form ula C^H^Cl. In o rd e r to  determ ine th e  p o s i t io n  o f 
s u b s t i tu t io n ,  th e  compound was co n v erted  in to  an aldehyde by th e  
Sommelet r e a c t io n  and on ly  cinnam aldehyde was i s o l a t e d ;
GHrCH-CHO '
S u b s ti tu t io n  by th e  ch lo rom ethy l group had. th e re fo re  on ly  o ccu rred
a t th ey 3 -carb o n  atom o f  th e  v in y l  group and n o t a t  a carbon atom
in  th e  benzene r in g .  S u b s t i tu t io n  in  th e  s ide  ch a in  r a th e r  th a n  in
th e  benzene r in g  has a lso  been found to  occur in  th e  n i t r a t i o n  of
( 9 2 )s ty rene  .
I t  has been shown th a t  under th e  c o n d itio n s  used  in  th e  
n i t r a t i o n  amd. c h lo ro m e th y la tio n  0f  s ty re n e , s u b s t i tu t io n
occurs by means o f an e le c t r o p h i l i c  re a g e n t.
In  s ty re n e , th e  c o n tro l l in g  f a c to r  in  th e  p o s i t io n  o f  s u b s t i tu t io n  
by an e le c t r o p h i l i c  a g en t, must be th e  s t a b i l i t y  o f th e  p o s s ib le
a c tiv a te d  complexes* S u b s t i tu t io n  a t  a carbon atom in  th e  benzene 
rin g  would y ie ld  an a c t iv a te d  complex in  which th e  resonance 
s t a b i l i z a t i o n  due to  th e  b enzo id  s t ru c tu re  would be absent*
E+ E H  E
whereas s u b s t i t u t io n  a t  th ey 3 -ca rb o n  atom of th e  v in y l  group
would y ie ld  an ac tiv a ted -co m p lex  in  which th e  i n t a c t  benzoid  s t r u c tu r e
would be expec ted  to  produce a resonance s t a b i l i t y  much g re a te r  th a n
th a t  in  th e  p e n tad ien y l c a t io n „
/H H H /H
Hn /G —H H.n+V ~ E  .C-E
Y o  e  c cr
Therefore s u b s t i t u t io n  in  s ty ren e ,, by an e l e c t r o p h i l i c •c a t io n ? would 
more r e a d i ly  occur a t  th e  ^ -c a rb o n  atom in  th e  v in y l  group th an  in  
the  benzene r in g .
For th e  s u c c e s s fu l  co n v ersio n  o f a p a r a - s u b s t i tu te d  benzy l 
ch lo rid e  in to  4 -c b lo ro m e th y ls ty re n e .« i 't  i s  n e ce ssa ry  t h a t  th e  p a ra -
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s u b s t i tu te d  grouping must be one which can r e a d i ly  be con v erted  in to  
the re q u ire d  v in y l  group. Two such p a ra - s u b s t i tu e n ts  which a re  
s u ita b le  fo r  t h i s  purpose a re  a prim ary or secondary  halogen 
s u b s t i tu te d  group such as -CH^-CH^Br or -CHBroCH^, o r a p rim ary  or 
secondary hydroxyl s u b s t i tu te d  group such as -CH^-CH^OH) or 
-CH(0H).CHq ,
CH2~CH2Br
C ^G l
CHBr,CH3
ch2c i
ch2- ch2 oh
CB^Cl
CH(OH)„GH3
GH2G1
W hilst th e  form er groups can be transfo rm ed  in to  a v in y l  group by 
dehydrohalogenation? th e  l a t t e r  groups a re  tran sfo rm ed  by 
dehydra tion ,
(95)C larke, H am erschlag, and H ighlands have o b ta in ed  c h lo ro -
m ethylstyrene by a p rocess in  which th e  f i n a l  s ta g e  has invo lved  
dehydrohalogenation .
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m eth y la tio n
Chloro-
brom ination
Photo-
P2 H4 .Br
Dehyd.ro-
h a lo g en a tio n
CH=GH,■2
ch2c i CI^Cl gh2c i
Ethylbenzene was ch lo ro m eth y la ted , and th e  r e d i s t i l l e d  p roduct 
was c o l le c te d  over a s ix  degree tem p era tu re  ran g e . The c h lo ro -  
m ethylethyibenzene was th en  photobrom inated u sin g  an equim olar 
q u a n tity  of brom ine, and the brom inated  compound, presum ably 
b rom oethylchlorom ethylbenzene, was n o t i s o la te d  b u t was d i r e c t ly  
dehydrobrom inated in  th e  p resence of an i n h ib i to r .  The p ro d u c t, 
s ta te d  t o  be m onochlorom ethylstyrene, was r e d i s t i l l e d  and c o l le c te d  
over a fo u r degree tem p era tu re  ran g e .
The range over which th e  p roducts  were c o l le c te d  su g g es ts  t h a t  a 
m ixture o f isom ers a re  p re sen t which can be co n sid e red  to  have 
o r ig in a te d  d u rin g  th e  c h lo ro m e th y la tio n  of e th y lb en zen e .
In th e  p resence  of an e le c t r o p h i l i c  c a tio n  th e  (+ l)  in d u c tiv e
\
e f fe c t  o f th e  e th y l  group in  e th y lb en zen e , to g e th e r  w ith  th e  
e lec tro m eric  d isp lacem en ts  in  th e  benzene r in g ,  would le ad  to  
cen tres  o f h ig h  e le c tro n  d e n s ity  a t  th e  o rth o  and p ara  p o s i t io n s .
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Due to  s t e r i c  h in d ran ce , a preponderance o f e l e c t r o p h i l ic  p a ra -  
s u b s t i tu t io n  would be ex p ec ted .
Nazarov and Semenovsky have shown th a t  ch lo ro m e th y la tio n  o f
e th y lb en zen e , as ach ieved  by C larke and co-w orkers, y ie ld s  70% 
^ - s u b s t i tu t io n  and 30%> o - s u b s t i tu t io n .  More a c c u ra te  work by 
Freeman ^ 6 )  shown th a t  b e s id e s  69*2% p - s u b s t i tu t io n  and 29.0% 
p - s u b s t i tu t io n ,  a sm all amount of m -s u b s ti tu tio n  occurs? 1,9%.
Hence th e  i s o l a t i o n  o f the  re q u ire d  4— c h lo ro m e th y ls ty ren e , p rep ared  
by the  sy n th e s is  o f C larke and co -w orkers, i s  dependent upon th e  
e ffe c t iv e n e s s  of f r a c t io n a t io n  a t  some s tag e  in  t h e i r  r e a c t io n  
p rocedure.
(97)In 1956 Baker, B rieux , and Saunders p u b lish ed  a paper in
which th e y  d e sc r ib e d  th e  p re p a ra t io n  o f 4— chlorom ethy lbenzaldehyde.
i
The method in v o lv ed  was one which would be expected  to  y ie ld  only th e  
s ta te d  isom er, and i t  was th e re fo re  decided to  r e p e a t  t h e i r  work 
and a ttem p t to  co n v ert th e  aldehyde to  4-“ C hlorom ethyl-0(-m ethylbenzyl 
a lco h o l, which on d eh y d ra tio n  would be expected  to  y ie ld  th e  d e s ire d  
4 --chlorom ethylstyrene.
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D ia z o tis a t io n
GH2C1
^  >, D ehydration
GH=CH.
Sandmeyer
N2+C1~
GH2G1
h2 °
gh( oh)gh3
CH,
CN
Photo­
c h lo r in a t io n
CH2C1
G rignard
t--------------
CH(OMgBr)CH3
ch2c i
CN 
I - 
Stephen 
*
CH2G1
GHO
A s y n th e s is  o f  4 -ch lo ro m e th y ls ty ren e  by th e  above ro u te  has been 
su c c e ss fu lly  ach iev ed , and th e  ch em istry  o f  th e  su cc e ss iv e  s tag e s  
is  d iscu ssed  in  th e  fo llo w in g  sec tio n s*
D ia z o tisa tio n
p-T olu id ine was co n v erted  in to  to lu e n e  p-diazonium  c h lo r id e ; a 
tran sfo rm a tio n  f i r s t  ach ieved  by G rie ss  in  1858*
Aromatic compounds c o n ta in in g  a d iazo  group a re  now p rep a red  by 
the a d d itio n  o f  sodium n i t r i t e  to  a s o lu t io n  o f  an arom atic  amine in  
cold m in e ra l a c id .  The n i t r o u s  a c id  l ib e r a te d  by th e  a c t io n  o f  th e  
acid  on th e  n i t r i t e  (98) r e a c ts  in  some form w ith  th e  amine to  y ie ld  
the diazonium s a l t .  In  1869 B lom strand proposed  th e  fo llo w in g
s tru c tu re  f o r  such  an a rom atic  s a l t ;
A r - M
I
X
(65)
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where ”XU re p re se n te d  th e  a c id  r a d ic a l  d e riv ed  from the  m in e ra l a c id .
When i t  was found, t h a t  aqueous s o lu tio n s  o f diazonium  s a l t s  were 
conductive (* ^0 ) (£5 ) was m odified  to ;
( + )Ar~!feN X (6 6 )
in  which a n ’ io n ic  bond was assumed to  e x i s t  between th e  n itro g e n  atom
and the  a c id  r a d i c a l .  I t  i s  now r e a l iz e d  th a t  s t r u c tu r e  (6 6 ) i s
m erely one o f many resonance form, such as
+  -  ■ +  -  +  -  +
N=N N=N N=N N=N
which c o n tr ib u te  to  th e  s t a b i l i z a t i o n  of th e  arom atic  diazonium 
c a tio n .
Research in to  th e  mechanism of d ia z o t i s a t io n  i s  based upon 
Bamberger’s su p p o s itio n  th a t  th e  r e a c t io n  proceeds th rough  a 
n i t r o s a t io n  s ta g e  ( ^ l ) ^  ’
( + )
Ar-NHo—* Ar-NH-NO —> Ar-N2
Adamson and Kenner co n sid e red  t h a t  th e  fo rm ation  o f the
nitrosam ine was th e  r e s u l t  of a r e a c t io n  between an e l e c t r o p h i l i c  
n i t r o s a t in g  a g e n t, and th e  p ro p o r tio n  of f re e  arom atic  amine which
is  in  e q u ilib riu m  w ith  i t s  p ro to n -ad d u c t.
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( + ) . .  ( + )
. H + A r - N H g ^  Ar-NH^
The form of th e  n i t r o s a t in g  agen t has been in v e s t ig a te d  by Hughes?
(103)
In g o ld ? and Ridd , They have found th a t  th e  n i t r o s a t in g  ag en t
fo r  arom atic  am ines, in  an a c id ic  medium such as perch lo ric - a c id ? 
is  d in itro g e n  t r i o x id e .  The r e a c t io n  was re p re se n te d  by;
( + )  ( + )
HN02 + H ^IL C M T O
( - )  (+) Slow
N02 + i^O-NO —  ~  02N-N0 + ^ 0  (67)
follow ed by;
Slow (+) ( - )
N2 03 + Ar-NH2  ------ > Ar-NH2 -N0.+ N02 ( feS)
(+) (+)
Ar-NI^-NO — > Ar-NH-NO + H
and a p ro to tro p ic  rearrangem en t;
Ar-NH-NO—* Ar-N=M-0H
which in  an a c id ic  medium y ie ld s  th e  a r y l  diazonium  c a tio n :
h( +) ; + ■
Ar-N=N-0H > Ar~N2 + H2 0
In the  l im i t  o f h ig h  excess a c id i ty  th e  c o n c e n tra tio n  o f  f re e  amine 
is  sm all and s ta g e  (63) becomes r a t e  d e te rm in in g , w h ils t  in  th e  
l im it  o f low excess a c id i ty  th e  c o n c e n tra tio n  o f f r e e  amine becomes 
s u f f ic ie n t  to  remove th e  d in i tro g e n  t r io x id e  from th e  medium as soon 
as i t  i s  formed^ making s ta g e  (67) th e  slow r a te  de term in ing  s te p .
I f  th e  amine i s  only weakly b a s ic  ( e .g .  o - c h lo ro a n i l in e ) ,  
p a r a l l e l  to  d ia z o t i s a t io n  by means of d in itro g e n  t r io x id e  is  t h a t  
invo lv ing  th e  n i t ro u s  acidium  io n :
( +)  (+)
follow ed by:
H + HM'02 ^  H2 0-N0
( + ) Slow ( + )
H2 0—NO + Ar-NH2 ----------* Ar—NH2 —NO + H2 0 e tc*
D ia z o tisa tio n  by th e  n i t ro u s  acidium  ion  becomes more im portan t as
the b a s ic i ty  o f th e  amine d e c re a se s .
I t  has a ls o  been found t h a t  in  th e  presence o f th e  halogen ions
Cl^  ^ and Br^ d ia z o t i s a t io n  n o t only occurs by means of
d in itro g en  t r i o x i d e , and in  some cases by th e  n i tro u s  acidium  io n ,
but a lso  by means o f th e  n i t r o s y l  h a lid e  formed in  th e  fo llow ing
manner;
(-0 ( +)
H + HO-NO^H^O-NO
( - )  (+) Slow
X + H2 0~N0 H2 0 + X-NO
followed by;
Slow (+) ( - )
Ar-NH2 + X-NO  y Ar-NH2 -N0 + X etc,
Whether s tag e  (70) o r (71) becomes r a te  de term in ing  depends on t h e i r  
r e la t iv e  r a t e s ,  which in  tu rn  depends upon th e  excess a c id i ty  of th e  
medium.
*
Mien p - to lu id in e  i s  d ia z o t is e d  by adding sodium n i t r i t e  to  th e
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amine in  m in e ra l a c id  a t  0°, th e  o v e ra l l  r e a c t io n  can be re p re se n te d  
by;
(+) ( - )  '■> Ar-Ng X + NaX + 2 1^0
From what has been s ta t e d ,  i t  can be seen  th a t  more th an  two 
eq u iv a len ts  of m in e ra l a c id  should  be p re s e n t, s in ce  an excess o f 
ac id  would favou r th e  fo rm ation  of th e  '’a c t iv e ” n i t r o s a t in g  a g e n ts , 
and would a ls o  minimize th e  p o s s ib i l i t y  of s id e  re a c t io n s  such a s j
( + )  ( + )
Ar-N2 + Ar-NH2 y=h Ar-N=N-NH-Ar + H
Excess of sodium n i t r i t e  shou ld  be avo ided , as in  subsequent 
re a c tio n s  in v o lv in g  th e  diazonium  s a l t  s o lu t io n ,  th e  p resence of 
th is  excess can le ad  to  unwanted s id e - r e a c t io n s  o
The low tem p era tu re  perm its g r e a te r  s o lu b i l i t y  of th e  f r e e  n i t ro u s  
ac id  and m inim izes th e  p o ss ib le  decom position of th e  diazonium ion„
Sandmeyer r e a c t io n
The co n v ersio n  o f to lu e n e  p-diazonium  c h lo rid e  in to  p - t o l u n i t r i l e  
involves th e  s u b s t i t u t io n  o f  th e  d iazo -g roup  by a n i t r i l e  g roup ing .
In 1881 Sandmeyer showed th a t  i f  cuprous cyanide was p re se n t
in  a s o lu t io n  c o n ta in in g  cyanide ions and an arom atic  diazonium s a l t ,  
the arom atic  n i t r i l e  cou ld  be i s o la te d .
Cowdrey and Davies have re c e n t ly  made a d e ta i le d  s tu d y  of
the Sandmeyer r e a c t io n  in v o lv in g  th e  fo rm ation  of a r y l  c h lo r id e s  from
Ar-Ni^ + 2 HX + NaNGu
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arom atic diazonium  s a l t s ,  in  th e  presence  of cuprous c h lo rid e  and 
c h lo rid e  io n s . I t  seems p o s s ib le  t h a t  c e r ta in  a sp e c ts  o f th e se  
s tu d ie s  may be a p p lic a b le  to  th e  analogous r e a c t io n  in v o lv in g  th e  
fo rm a tio n  o f a r y l  n i t r i l e s  in  th e  p resence of cuprous cyanide and 
cyanide io n s .
Cowdrey and Davies have shown th a t ;
(a ) th e  r e a c t io n  i s  f i r s t  o rd e r w ith  re s p e c t  to  th e  c o n c e n tra tio n  
o f th e  diazonium  ions and the  d is so lv e d  cuprous c h lo r id e .
(b) th e  r a t e  of decom position  of the  arom atic  diazonium  s a l t  i s
in v e rs e ly  p ro p o r tio n a l to  th e  square o f the  c h lo r id e  ion
c o n c e n tra tio n , and i s  promoted by e le c tro n  a t t r a c t i n g  groups 
t
in  th e  a r y l  n u c leu s .
In order to  e x p la in  th e se  f a c ts  th e y  have assumed th a t  in  s o lu t io n ,  
in  th e  presence  o f c h lo r id e  io n s , th e  cuprous c h lo r id e  e x is t s  m ainly 
in  two forms which a re  governed by th e  fo llow ing  eq u ilib riu m ;
(-) . ( - )  - (3 - )
CuC]^ + 2 Cl ^  CuCl,
and th a t  of th e se  two forms only th e  CuClq"' complex has the  c a p a c ity  
fo r  being c a t a l y t i c a l l y  a c t iv e  in  the  conversion  o f  th e  arom atic  
diazonium c h lo r id e  to  th e  a r y l  c h lo r id e .
The r a te  d e te rm in in g  s te p  was co n sid e red  to  in vo lve  th e  slow 
form ation  o f a  complex between th e  a r y l  diazonium  c a tio n  and th e  
ua c tiv e n cuprous c h lo r id e  an io n . This complex cou ld  th e n  decompose
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v
to  y ie ld  th e  a r y l  c h lo rid e  or undergo a s e r ie s  o f re a c t io n s  in v o lv in g  
excess diazonium  ions* le ad in g  no t only to  th e  fo rm atio n  o f  th e  a r y l  
ch lo ride ., b u t a ls o  by -p ro d u cts  such as d ia ry ls  and azo-compounds, 
formed in  s id e - r e a c t io n s .
Cowdrey and Davies co n sid ered  t h a t  th e  complex a ro se  from th e  
te rm in a l n i tro g e n  o f the  arom atic  diazonium c a tio n  a c tin g  as a donor 
and th e  copper o f th e  na c t iv e sl cuprous c h lo rid e  an io n  a c tin g  as an 
acc e p to r;
4 4*
(Ar-NEN-CuCl2 )
Packer and Vaughan su g g ested  t h a t  a f a r  more l ik e ly
p o s s ib i l i ty  i s ;
+  -
(Ar-N=N-G1-GuC1) .
Recent ev idence  in d ic a te s  t h a t  th e  mode of decom position  o f the  
complex in v o lv es  th e  fo rm atio n  o f f r e e  r a d ic a ls  by th e  cuprous copper 
a c tin g  as a red u c in g  a g e n t . Kochi has su g g es ted  a two s te p
decom position;
Arl^CuC^ N^2 + CuC^ + Ar*
Ar» + CuC]^ > ArCl + CuCl (72)
In co m p etitio n  w ith  (72) would be th e  tendency fo r  th e  fre e  
ra d ic a ls  to  e n te r  in to  s id e  r e a c t io n s . This tendency  would be more 
marked in  th e  p resence  o f excess diazonium  io n s .
Taking th e s e  f a c ts  in to  a cc o u n t, th e  co ld  n e u t r a l  to lu en e
-  220 -
p-diazonium  c h lo rid e  was added slow ly  to  a s o lu t io n  of excess cuprous 
cyan ide , in  th e  presence o f cyanide ions and of to lu en e  as an 
e x t r a c ta n t„
The diazonium  s o lu t io n  must be n e u t r a l  b e fo re  i t  i s  added to  th e  
cyanide s o lu t io n .  I f  i t  i s  a c id ic  hydrogen cyanide w i l l  be envolved , 
and i f  i t  i s  a lk a l in e  th e re  would be ve ry  l i t t l e  p - t o l u n i t r i l e  
formed, as in  an a lk a l in e  medium th e  to lu e n e  p-diazonium  ion  would 
e x is t  as th e  d ia zo ta te ^
(+) OH- OH" ( - )
Ar-N2 'p=±  Ar-N=N-QH pzr-z^. Ar-N=N-0 
H+ H+
The m aintenance o f a low tem p era tu re  m inim izes th e  decom position 
o f th e  diazonium  io n  b e fo re  i t  r e a c t s ,  and a ls o  co o ls  th e  r e a c t io n  
m ix tu re , as th e  a d d itio n  complex formed betw een th e  diazonium  io n  and 
the cuprous cyanide decomposes e x o th e rm ic a lly . The v igo rous s t i r r i n g  
a id s in  th e  d is s ip a t io n  ' o f th e  h e a t evo lved , and th e  to lu e n e  removes 
the p - t o l u n i t r i l e  from th e  re g io n  o f th e  exotherm ic decom position .
Phot o ch lo r in a t  i  on
The co n v ersio n  o f p - t o l u n i t r i l e  to  A -cyanobenzyl c h lo r id e  was ach ieved  
by c h lo r in a t io n  in  the  p resence  o f l i g h t .
Under such  c o n d itio n s  c h lo r id e  m olecules r e a d i ly  d is s o c ia te  to  
y ie ld  f r e e  r a d ic a l s ,  which by means o f a c h a in  re a c t io n  a re
capable o f r e a c t in g  w ith  an o rgan ic  compound to  give a d d it io n  o r
' s u b s t i tu t io n  p ro d u c ts . Which type of p roduct i s  o b ta in ed  w i l l  
depend upon th e  n a tu re  o f th e  organic compound and the  r e a c t io n  
c o n d itio n s .
In  th e  f r e e  r a d ic a l  h a lo g en a tio n  of hydrocarbons i t  is  found 
th a t  th e  C-H bond i s  a tta c k e d  and n o t th e  weaker C-C. This i s  
assumed to  be due to  th e  s h ie ld in g  e f f e c t  of th e  su rround ing  
hydrogen atom s, and th e  fo rm ation  o f an H-Cl bond which i s  much 
s tro n g e r  th an  a C-Cl bond. However, no t every  C-H bond has an 
equal p r o b a b i l i ty  of f r e e  r a d i c a l  a t ta c k ,  and Mayo and W alling 
have su g g ested  th a t  the  most l ik e ly  C-H bond to  be a tta c k e d  in  a 
chain  re a c t io n  such as 5
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i s  th a t which,
(a) has a sso c ia ted  w ith i t  the h ig h est e lec tro n  d en sity  (polar  
e f f e c t ) .
(b) as a r e s u lt  of the ab straction  o f a hydrogen atom w i l l  y ie ld  
the most s ta b il iz e d  hydrocarbon free  r a d ic a l (r a d ic a l 
s t a b i l i t y ,  e f f e c t ) . ■
With a lip h a tic  hydrocarbons both the polar and r a d ic a l s t a b i l i t y  
e f fe c t s  tend to  favour free  ra d ica l ch lo r in a tio n  s u b s t itu t io n  a t  
te r t ia r y  carbon atoms rather than secondary or primary
I f  an e lec tro n  a ttr a c tin g  su b stitu en t ( e . g .  halogen atom) is  
present in  a normal hydrocarbon chain, then the polar and r a d ic a l  
s t a b i l i t y  e f f e c t s  are in  op p osition , as the presence of th is  
su b stitu en t w i l l  reduce the e lec tro n  d en sity  about the Ctf-carbon 
atom, w h ils t  the most sta b le  free  r a d ic a l th a t could be formed would 
be th a t where a hydrogen atom was ,removed from the Co<-carbon atom.
With a halogen su b stitu en t the polar e f f e c t  i s  dominant, and photo­
ch lor in a tion  a t 35-40° o f n -b u ty l ch lorid e gave su b s titu tio n  a t the 
carbon atoms to  the ex ten t of;
CH^-CH^CH^CEj-Cl 
25% 50% 17% 3%
Therefore d isu b .stitu tio n  a t the same carbon atom w i l l  only occur with  
d if f ic u lt y .
I f  the su b stitu en t i s  a phenyl group, the p o larj.w ill tend to  reduce
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the p o ss ib ility  of free radical chlorination at the Ca-carbon
atom, w h ils t  th e  r a d ic a l  s t a b i l i t y  e f f e c t  would ten d  to  favour
such s u b s t i t u t io n .  In  t h i s  c a se , th e  r a d ic a l  s t a b i l i t y  e f f e c t
would be expected  to  be much s tro n g e r  due to  th e  la rg e  in c re a se
in  s t a b i l i t y  a r i s in g  from th e  f r e e  r a d ic a l  formed by th e  lo s s  o f
a b en zy lic  hydrogen atom. I t  would th e re fo re  be expected  th a t
the co rrespond ing  low ering o f th e  a c t iv a t io n  energy  re q u ire d  f o r
the r e a c t io n ,  would le a d  to  ra p id  f re e  r a d ic a l  halogen
s u b s t i tu t io n  a t  th e  C ^-carbon atom. However, in  th e  co m p etitiv e
o
p h o to c h lo r in a tio n  o f to lu en e  and cyclohexane a t  30 , the  
cyclohexane was found to  be e leven tim es more r e a c t iv e  th an  
to lu en e  ^112\
( 112)Brown and R u sse ll  c o n s id e r t h a t  th e  slow er r a te  o f photo­
c h lo r in a t io n  o f  to lu e n e  a r i s e s  from th e  f a c t  t h a t  in  th e  t r a n s i t i o n  
s ta te  th e re  in  only, a v e ry  sm a ll degree o f C-H bond b reak ing  in  th e  
m ethyl g roup . Thus th e re  w i l l  be v e ry  l i t t l e  resonance s t a b i l i t y  
due to  th e  in c ip ie n t  b en zy l f r e e  r a d ic a l ,  and a la rg e r  a c t iv a t io n  
energy th a n  expec ted  would be re q u ire d , in  f a c t  i t  becomes e a s ie r  
to  p h o to c h lo r in a te  cyclohexane. In  pho tobrom ination , th e  degree of 
bond b reak in g  i s  much g r e a te r ,  and as ex p ec ted  to lu en e  becomes s ix ty  
tim es more r e a c t iv e  th a n  cyclohexane
In  th e  pho tobrom ination  of e th y l  benzene, m o n o su b stitu tio n  w i l l  
r e a d i ly  occur a t  th e  -ca rb o n  atom o f th e  e th y l  group.
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The presence  o f a phenyl group opens up th e  p o s s ib i l i t y  o f  
a d d itio n  a n d /o r s u b s t i t u t io n  by c h lo r in e  f r e e  r a d ic a ls  in  th e  
benzene ring ., r a th e r  th an  in  th e  m ethyl s id e  ch a in  o f to lu e n e .
The halogen  atom i s  a much weaker e le c t r o p h i le  th a n  a fo rm al 
e le c t r o p h i l i c  c a t io n ,  and as a r e s u l t  th e  fo rm ation  of c e n tre s  o f  
high e le c t r o n  d e n s ity  a t  th e  o rth o  and p a ra  p o s i t io n s  in  th e  benzene 
r in g , by e le c tro m e ric  d isp lacem en ts , a re  n o t e v id e n t . S u b s t i tu t io n  
in  to lu e n e  w i l l  th e re fo re  ten d  to  occur in  th e  s id e  ch a in  due to  
the r e te n t io n  in  th e  t r a n s i t i o n  s ta t e  o f th e  benzoid s t r u c tu r e .
In p - t o l u n i t r i l e  the  (-1 )  e f f e c t  of th e  n i t r i l e  group w i l l  f u r th e r  
reduce th e  e le c tro n  d e n s ity  in  the  benzene r in g ,  g iv in g  e n t i r e ly  
s id e  ch a in  s u b s t i t u t io n .  However, th re e  p roducts  may be o b ta in ed :
From what has a lre a d y  been s ta t e d  i t  would be expected  th a t  d i~  
and t r i - s u b s t i t u t i o n  becomes in c re a s in g ly  more d i f f i c u l t ,  and only 
a t  h igh  tem p e ra tu res  and excess c h lo r in e  would such s u b s t i tu t io n  
occur.
y ie ld e d  la r g e r  q u a n t i t ie s  of the  d is u b s t i tu te d  compound th a n  when th e
Barkenbus and H oltzclaw  have found th a t  p h o to c h lo r in a tio n  a t
(113)the b o i l in g  p o in t of p - t o l u n i t r i l e ,  as su g g ested  by M ellin g h o ff
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r e a c t io n  occurred  a t  120-130°. The p h o to c h lo r in a tio n  was
th e re fo re  c a r r ie d  out a t  120-130°, and s topped  a t  95% 
m o n o su b stitu tio n .
Stephen r e a c t io n
The p a r t i a l  re d u c tio n  o f a n i t r i l e  group to  an a ld im ine  group, 
fo llow ed by h y d ro ly s is  to  y ie ld  an a ldehyde , was f i r s t  used as a 
s tan d a rd  procedure f o r  p rep a rin g  a ldehydes by Stephen in  1925
R-C^N— > R-CH=NH— > RCHO 
The red u c in g  ag en t i s  anhydrous s tannous c h lo rid e  in  th e  p resence 
of hydrogen c h lo r id e .
Stephen p repared  a s o lu t io n  of th e  red u c in g  agen t a t  room 
tem p era tu re , by p a ss in g  dry  hydrogen c h lo r id e  gas in to  a su sp en sio n  
of anhydrous stannous c h lo r id e  in  dry e th e r  u n t i l  th e  m ix ture  
sep a ra te d  in to  two l iq u id  la y e r s .  However, in  o rd e r t h a t  a maximum 
c o n c e n tra tio n  of hydrogen c h lo r id e  m ight be p re se n t in  the  reduc ing  
medium, Law and Johnson ( ^ 5 )  rCpGa te d  th e  p re p a ra t io n  a t  a ” low 
tem perature*’ , w h ils t  King, L’Ecyer, and Openshaw found th a t
complete s a tu r a t io n  o f th e  e th e r e a l  su sp en sio n  w ith  hydrogen c h lo r id e  
a t  0°, y ie ld e d  a homogeneous s o lu t io n  of th e  red u c in g  a g e n t.
An e th e r e a l  s o lu t io n  o f A-cyanobenzyl c h lo r id e  was added to  a 
homogeneous s o lu t io n  o f th e  reducing  a g en t, fo llow ed  by th e  passage 
of f u r th e r  hydrogen c h lo r id e  a t  0 ° in  o rder t o  r e s a tu r a te  th e  reduc ing  
medium. On s ta n d in g  fo r  s e v e ra l  days the  a ld im ine  complex s e p a ra te d
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out o f s o lu t io n .
. (117)Meorwein has c o n sid e red  th a t  the  f i r s t  s te p  i n  th e  re d u c tio n
of th e  n i t r i l e  i s  th e  fo rm atio n  of a n i t r i l iu m  s a l t  by a r e a c t io n  
between ch lo ro stan n o u s a c id  and the  n i t r i l e .
R-C=N + I^ S n C l^ — >(R-C=NH) + HSnCl^"
As th e  r e s u l t  o f f u r th e r  r e a c t io n  w ith  th e  excess hydrogen chloride- 
p re sen t in  th e  s a tu r a te d  system , and ald im ine complex s e p a ra te s .
2  (R -C 5 H h / + )  H S n C x / " '> + 2  H C 1 — > (R-CH=NH2 ) 2 SnCX6 '   ^ + SnC X ^
(118The s e p a ra tio n  o f th i s  complex has been shown by Turner to  be
a major f a c to r  in  d r iv in g  th e  r e a c t io n  to  com pletion .
(89) 0Baker, B rieux , and Saunders used w ater a t  60-70 to
decompose th e  a ld im ine  complex d e riv ed  from 4-cyanobenzyl c h lo r id e .
However, such a means of decom position  would be expected  to  in c re a s e
the p o s s i b i l i t y  of h y d ro ly s is  o f th e  s id e  ch a in , e s p e c ia l ly  in  th e
presence of hydrogen c h lo r id e - s a tu r a te d  e th e r  which con tam inates th e
o ily  complex. T h e re fo re , in  o rd er to  minimize th e  p o s s ib i l i t y  of
side ch a in  h y d ro ly s is ,  th e  decom position of th e  complex was ach ieved
/ -| n /  \
by a p rocedure based  upon t h a t  used by King and co-w orkers 
This m odified  procedure invo lved  the h y d ro ly s is  o f the  complex in  the  
co ld , and m inim ized th e  tim e of c o n ta c t between w ater and 4 -c h lo ro -  
m ethylbenzaldehyde.
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Grignard reaction ‘
The co n v ersion  of 4 -chlorom ethylbenzaldebyde to  4 -ch lo ro m eth y l-cx -  
m ethylbenzyl a lc o h o l has been s u c c e s s fu lly  ach ieved  by u sing  a 
G rignard re a g e n t, m ethyl magnesium brom ide. The fo rm ation  of th i s  
reag en t occurs a t  th e  su rfa ce  o f  the magnesium, and u n le ss  a so lv e n t 
fo r th e  re a g e n t ( e .g .  dry  e th e r )  i s  p re s e n t ,  the  magnesium su rfa ce  
w i l l  become covered  by th e  r e a c t io n  p roduct and th u s  in a c t iv a te d .  .
In  p ra c t ic e  i t  i s  found th a t  th e re  is  an in d u c tio n  p e rio d , 
a t t r ib u te d  to  a monatomic c o a tin g  o f oxide on th e  su rfa c e  o f th e  
magnesium. The presence of a v e ry  sm all amount of io d in e  i s  found to  
co n sid e rab ly  reduce  th e  in d u c tio n  p e rio d , p o ss ib ly  by th e  fo rm atio n  o f 
an e th e r  so lu b le  magnesium io d id e , exposing and a c t iv e  m etal su rfa c e  
to  r e a c t io n  w ith  m ethyl brom ide.
I t  m ight be c o n s id e red  an a d v a n ta g e .fo r  a  givenmass of magnesium 
to  be f in e ly  d iv id e d  so as to  produce a maximum su rfa c e  a re a  fo r  th e  
re a c tio n . However, th e  r e s u l t in g  in c re a se  in  r a t e  lead s  to  lo c a l  
su p erh ea tin g  and c o n c e n tra tio n  e f f e c t s ,  which favour a s id e  re a c tio n s
CH^Br + CH^MgBr— + ^ ^ 2  '
In o rder to  m inim ise th e  lo c a l  c o n c e n tra tio n  e f f e c t s ,  th e  e th e r e a l  
methyl bromide i s  added to  th e  magnesium suspension  in  e th e r ,  w h ils t  
a reaso n ab le  q u a n ti ty  of e th e r  i s  p re se n t th roughou t th e  r e a c t io n  
ac tin g  as a  d i l u t e n t .  L ocal h e a tin g  e f f e c t s  a re  m inim ized by 
e x te rn a l c h i l l i n g ,  and both  s id e  e f f e c t s  can be reduced  by u sin g
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magnesium w ith  a s e n s ib le  su rfa ce  a re a , and v ig o ro u s ly  s t i r r i n g
the  r e a c t io n  medium fo llow ing  th e  in d u c tio n  period,,
The e th e r e a l  m ethyl magnesium bromide i s  decan ted  from any
u n reac ted  im p u r it ie s  in  th e  magnesium,, as th e se  may r e a c t  w ith
the ^ .-chlorom ethylbenzaldehyde when i t  i s  added to  th e  G rignard  
re a g e n t.
The re a c t io n  between th e  G rignard  re a g en t and th e  4 -cb lo ro m eth y l- 
benzaldehyde can r e s u l t  in  a t ta c k ' on th e  ch lo rom ethy l s id e  ch a in  or
the aldehyde group. However, s in ce  th e  r e a c t i v i t y  o f the  G rignard
reag en t w ith  th e  l a t t e r  group i s  so much g re a te r  th a n  w ith  the
form er, r e a c t io n  w ith  th e  aldehyde group would be expected  to
predom inate.
U n fo rtu n a te ly  th e re  can occur r e a c tio n s  o th e r th a n  th o se  a lre a d y  
m entioned.
High tem p e ra tu res  and excess a c id i ty  can le ad  to  the  fo rm atio n  o f 
o le f in s  by d eh y d ra tio n  o f th e  c a rb in o l or th e  G rignard  a d d it io n  complex. 
This i s  p a r t i c u l a r ly  tru e  in  th e  case of t e r t i a r y  c a rb in o ls .  . .
Although th e  d e s ire d  product would be o b ta in ed , i t s  u n c o n tro lla b le  
p ro d u c tio n  i s  a d isad v an tag e . F u r th e r , th e  p resence  of an a c id ic
IH(OMgBr) ,CE CH(.OH) .CH.
ch2c i CHgCl Ci^Cl
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medium would ten d  to  cause h y d ro ly s is  of th e  s id e  c h a in . ' T herefore  
during  th e  fo rm ation  and decom position  of th e  G rignard  a d d it io n  
complex th e  tem p era tu re  of th e  medium is  kep t as low as p o s s ib le , 
and h y d ro ly s is  of th e  complex i s  accom plished by using  a weak 
a lk a l in e  s o lu t io n .
A f u r th e r  p o ss ib le  r e a c t io n  i s  t h a t  in v o lv in g  the  o x id a tio n  of th e  
G rignard  a d d it io n  complex in  th e  presence of excess aldehyde (^-9)^
Such a r e a c t io n  can be avoided  by the  a d d it io n  of th e  al.dehyde in  
excess e th e r ,  to  an excess of s t i r r e d  e th e r e a l  m ethyl magnesium 
brom ide.
D ehydration
C oncen tra ted  phosphoric  a c id , io d in e , and fu sed  potassium  hydrogen 
su lp h a te  have been t r i e d  as d ehydra ting  ag en ts  in  the  co n v ers io n  of 
A-chlorom ethyl-oC-m ethylbenzyl a lc o h o l to  A -ch lo ro m eth y ls ty ren e .
Only in  th e  case o f fu sed  potassium  b is u lp h a te  has a  s a t i s f a c to r y  
dehydra tion  o ccu rred .
( 120) ( 121)Eschard and Jungers , Hoffmann and Josephy have
su c c e ss fu lly  dehydra ted  a lc o h o ls  by adding them to  phosphoric  a c id
CH( OMgBr) .CH-
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and s im u ltan eo u s ly  d i s t i l l i n g  o f f  th e  p ro d u c ts . Eschard found
th a t  th e  b e s t  r e s u l t s  were o b ta in ed  i f  excess a lc o h o l was used in
$
th e  p resence  of an i n e r t  s o lv e n t .
( 122 )
Senderens , and Arcus dehydra ted  a lc o h o ls  by d i r e c t ly
h ea tin g  them w ith  o rthophosphoric  a c id  under c a r e f u l ly  c o n tro lle d
(123)
c o n d itio n s . Thus good y ie ld s  were o b ta in ed  by Arcus and H a ll iw e l l  
of 3 -n i t ro s ty re n e  from th e  d eh y d ra tio n  o f 3 -n itro -fX -m eth y lb en zy l. 
a lco h o l.
On mixing A~chloromethyl»(X-methylbenzyl a lc o h o l w ith  phosphoric 
a c id , and th e n  slow ly  warming th e  r e a c t io n  m ix tu re , no ap p aren t 
re a c t io n  occu rred  u n t i l  th e  tem pera tu re  reached  18$°. At th i s  
tem peratu re  th e  c o n te n ts  of th e  r e a c t io n  f la s h e d  po lym erised . I t  
i s  presumed th a t  a t  185° d eh y d ra tio n  does occu r, b u t p o ly m erisa tio n  
of th e  monomer ta k e s  p lace  due to  th e  tem p e ra tu re , and th e  presence 
of the  a c id .
In 1915 H ib b e rt s u c c e s s fu lly  used io d in e  as a dehydra ting
agent in  c o n v ertin g  cyclohexanol in to  te trah y d ro b en zen e . In  1940 
Kenyon, and Young d i s t i l l e d  oi2W ~trim ethylally l a lc o h o l w ith  a
l i t t l e  io d in e  and o b ta in ed  oCtf-dim ethylbutadiene.
I t  was found th a t  io d in e  and 4-chlorom ethyl-D (-m ethylbenzyl a lc o h o l , 
when h ea ted  e i t h e r  v ig o ro u s ly  by a naked flam e or even ly  011 an o i 1 -b a th , 
y ie ld e d  as th e  main d i s t i l l a t e  th e  u n reac ted  c a rb in o l .
Senderens has o b ta in ed  o le f in s  by p ass in g  th e  a lc o h o l vapour
a
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over fu sed  sodium b is u lp h a te  a t  125°.
(127)S ch e rtz  and M arvel added 4-chloro-oo-m ethylbenzyl a lc o h o l
to  a fu sed  m ixture of potassium  b isu lp h a te  and an in h ib i to r  a t  
208-215°, w h ils t  a p re s su re  of 90-110 mm. was m ain ta in ed . The 
d i s t i l l a t e  was found to  c o n ta in  4—ch lo ro s ty ro n o  (60$ y ie ld ) .
The procedure used  fo r  th e  s u c c e s s fu l d ehydro tion  o f 4 ,-ch lo ro -
m ethyl-D(-m ethylbenzyl a lc o h o l to  4 -ch lo ro m eth y ls ty ren e  has been
(128)based upon th a t  used by Brooks \  The c a rb in o l was slow ly  
h eated  under reduced p re ssu re  up to  200° w h ils t  in  th e  p resence  
of an in h ib i to r  ( t - b u ty lc a te c h o l ,  1$ by w eigh t) and crushed., fu sed  
potassium  b is u lp h a te  (1$ by w e ig h t) . The p re s su re  was so  a d ju s te d  
th a t  a t  200-220° the  p ro d u c ts  o f d eh y d ra tio n  could  be c o l le c te d  as 
a d i s t i l l a t e ,  w h ils t  th e  u n reac ted  c a rb in o l rem ained in  th e  
r e a c t io n  f l a s k .  The tem p era tu re  was m ain ta in ed  a t  200-210° u n t i l  
no more d i s t i l l a t e  was c o l le c te d ,  and th e  p re ssu re  was th e n  f u r th e r  
reduced to  d i s t i l  o f f  any u n reac ted  c a rb in o l .  This c a rb in o l  can 
be s e p a ra te d  from th e  r e s t  o f th e  d i s t i l l a t e  and ag a in  h ea ted  in  
the p resence  o f the  d eh y d ra tin g  ag en t.
R e d i s t i l l a t i o n  o f th e  monomer was done in  th e  p resence  o f  an 
i n h ib i to r ,  and a t  as low a tem p era tu re  as p r a c t i c a l ,  in  o rd e r to  
minimize p o ly m e risa tio n .
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PART 2
4 -C h lo ro m eth y ls ty ren e , c o n ta in in g  ootf’- a z o is o b u ty r o n i t r i l e ,  was 
polym erised  by h e a tin g  under n itro g e n ; in  d i f f e r e n t  experim ents 
the  tem p era tu res  and tim es were in  th e  ranges o f 51 -720 and 
64§--112 h o u rs . The r e s u l t a n t  p o ly (4 -ch lo ro m eth y ls ty ren e ) has 
been found to  be r e a d i ly  so lu b le  in  benzene, from which i t  can 
be p r e c ip i ta te d  by l ig h t  petro leum  (b .p . 4 0 -6 0 °).
The mean le n g th  of polymer m olecules w i l l  depend upon th e  
q u a n tity  of i n i t i a t o r  used in  t h e i r  p o ly m e risa tio n . Equations 
(13) and (17) in d ic a te  t h a t  th e  num ber-average degree of 
p o ly m e risa tio n  w i l l  be in v e rs e ly  p ro p o r tio n a l to  th e  square  ro o t  
o f th e  i n i t i a t o r  c o n c e n tra tio n . Thus th e  sim ultaneous 
p o ly m erisa tio n  of eq u a l q u a n t i t ie s  o f monomer by 1% and 0.5% by 
w eight of i n i t i a t o r  should  r e s u l t  in  the  l a t t e r  polymer having 
a g r e a te r  num ber-average degree of p o ly m erisa tio n  th a n  th e  
form er. This can be v e r i f i e d  by the  d e te rm in a tio n  of th e  
l im it in g  v i s c o s i ty  number, [ ^  ] , of the  polym ers, in  th e  same 
so lv en t a t  a g iven  te m p e ra tu re .
The v a lu e  o f [ 'j ] i s  determ ined  by e x tra p o la t in g  a graph of th e  
lo g a rith m ic  v i s c o s i ty  numbers, p lo t te d  a g a in s t  th e  c o n c e n tra tio n s  a t  
which th e  lo g a rith m ic  v i s c o s i ty  numbers were determ ined , to  zero  
c o n c e n tra tio n  (e x p re ss io n  (4°)).>
Homopolymer 4* produced w ith  0.5/£ by w eight of i n i t i a t o r ,  was
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found to  h a v e j^ ]  0.472  , in  to lu e n e  a t  25° ,  and homopolymer 2 ,
produced w ith  1% of i n i t i a t o r ,  had [^ ]  0.180 .
From e x p re ss io n  (6 4 ) th e  v is c o s ity -a v e ra g e  m olecu lar w eight cou ld
be determ ined  f o r  th e se  polymers i f  th e  v a lu es  of uKnl and uau were
known. A lthough th e se  v a lu es  a re  n o t known f o r  p o ly (4 -ch lo ro m eth y l-
s ty re n e ) ,  th e y  a re  known fo r  p o ly s ty ren e  in  to lu o n e  (1 2 9 ). T h e re fo re ,
in  o rder to  o b ta in  an approxim ate value  of th e  v is c o s ity -a v e ra g e
m olecu lar w eight o f p o ly (4-c h lo ro m e th y ls ty re n e ) , the  v a lu es  of
uKlU and llau d e riv e d  fo r  p o ly s ty ren e  a re  used . Using th e se  v a lu e s ,
UKH1 = 1 .1 6 * 1 0  ^ and HaM = 0.72 , th e  approxim ate v is c o s ity -a v e ra g e
m olecular w eight o f th e  polymers 2 and 4  in  to lu en e  a t  2 $° a re :
polymer 2 lvV -  27040
polymer 4  Mv -  103000
Styrene  and 4 -ch lo ro m e th y ls ty ren e  have been found to  copolym erise
re a d i ly  in  th e  presence o f 'f to O -azo iso b u ty ro n itrile  when h ea ted  under
n itro g e n  a t  71-72° fo r  114 h o u rs . The copolymer i s  r e a d i ly  so lu b le
in  benzene, from which i t  can be p r e c ip i ta te d  by l i g h t  petro leum
(b .p . 40- 60° ) .
The' copolym er in  to lu en e  a t  25° had 0,296 s and usin g  th e
p rev io u s ly  g iven  v a lu es  of and uaw, th e  approxim ate v i s c o s i ty -
x oaverage m o lecu lar w eight of th e  copolymer in  to lu e n e  a t  25 was found
tp  be: = 54080 .
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C hlorome th y la t  i  on
There i s  th e  p o s s ib i l i t y  t h a t  p o ly (4 -ch lo ro m e th y ls ty ren e ) might be 
p repared  by th e  d i r e c t  ch lo ro m e th y la tio n  o f p o ly s ty re n e .
The f i r s t  c h lo ro m e th y la tio n  re a c t io n  was ach iev ed  by G ra ss i and 
(130)
M ase lli 9 who ch lo ro m eth y la ted  benzene u sing  paraform aldehyde
and h y d ro ch lo ric  a c id , in  th e  p resence  of anhydrous z inc  ch lo rid e*
The re a c t io n  i s  now of g ro a t im p o rtan c e -fo r th e  p re p a ra t io n  o f 
arom atic  compounds w ith  a r e a c t iv e  s id e  ch a in .
The ch lo ro m e th y la tin g  agen t may be p rep ared  in  s i t u  by m ixing . 
paraform aldehyde or fo rm alin  w ith  h y d ro ch lo ric  a c id  or hydrogen 
c h lo r id e , o r s -d ic h lo ro m e th y l e th e r  may be used d i r e c t ly  as th e  
ch lo ro m eth y la tin g  a g en t, as may m onochloromethyl m ethyl e th e r .
The r e a c t io n  i s  found to  p r o f i t  by th e  presence  o f a c a ta ly s t  
of th e  T tie d e 1 -G ra fts  type ( e .g .  anhydrous zinc c h lo r id e ,  aluminium 
c h lo r id e ) .
The most common s id e  r e a c t io n  in  th e  c h lo ro m e th y la tio n  o f a rom atic  
hydrocarbons i s  th e  fo rm ation  of d ia r y l  m ethanes. Such a r e a c t io n  i s  
c a ta ly se d  by a F r ie d e l-C ra f ts  c a t a ly s t ,  and a r i s e s  from th e  i n t e r ­
a c tio n  of a ch lo ro m eth y la ted  p ro d u c t w ith  an u n reac ted  hydrocarbon.
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Thus in  th e  o r ig in a l  work of G ra ss i and M a se lli , d ip h en y l methane 
as w e ll as benzy l c h lo r id e  was o b ta in ed  as a r e a c t io n  p ro d u c t.
The s id e  re a c t io n s  can be minimized by c o n tro l l in g  th e  r e l a t i v e  
amounts o f th e  r e a c ta n t s ,  th e  a c tu a l  c a ta ly s t  used , th e  tim e of 
the r e a c t io n ,  and th e  tem pera tu re  a t  which th e  r e a c t io n  occurs. 
Excess o f th e  compound to  be ch lo ro m eth y la ted , h igh  tem p e ra tu re s , 
and a long re a c t io n  tim e would be expected  to  favour s id e  
r e a c t io n s .  N e v e rth e le s s , i f  s id e  re a c t io n s  do occur th e  by­
products can u s u a lly  be se p a ra te d  from th e  d e s ire d  ch lo ro m eth y la ted  
product by d i s t i l l a t i o n  or some o th e r p rocedure.
In the  ch lo ro m e th y la tio n  of a polymer such as p o ly s ty re n e , th e se  
s ide  r e a c t io n s  w i l l  a ls o  occu r, bu t when a ch lo ro m eth y la ted  group 
re a c ts  w ith  an u n reac ted  benzene r in g ,  c ro s s - l in k a g e s  by means o f 
methylene b r id g e s  w i l l  occur between two or more polymer c h a in s .
-CH2 -CH-CH2- -CH2.-CH-CH2-
c h 2
-CHj-CH-CHg- -C f^ -C H -C H g -
Thus a polymer would be o b ta in ed  c o n ta in in g  some of th e  d e s ire d  
chlorom ethydated p ro d u c t, and unwanted c ro s s - l in k a g e s  due to  th e
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s id e  r e a c t io n s .  In  polymers th e se  two types o f r e a c t io n  p roducts  
cannot be s e p a ra te d  from each  o th e r ,  and th e  r e s u l t in g  c ro s s - l in k e d  
polymer w i l l  be c h a ra c te r iz e d  by i t s  i n s o lu b i l i ty ,  compared to  a 
polymer in  which ch lo ro m eth y la tio n  has occurred  w ith o u t c ro s s -  
linkage ,
I t  i s  found th a t  c ro s s - l in k a g e  i s  l e a s t  favoured  by th e  anhydrous 
zinc c h lo r id e  c a ta ly s t
C h lo rom ethy la tion  of p o ly s ty re n e  by ch lo rom ethy l m ethyl e th e r  has 
the advantage t h a t  th e  p o ly s ty re n e , anhydrous z inc  c h lo rid e  c a t a ly s t ,  
and th e  r e s u l t in g  ch lo ro m eth y la ted  p roduct a re  a l l  so lu b le  in  th e  
e th e r ,
(132) •
Jones in v e s t ig a te d  th e  ch lo ro m e th y la tio n  o f p o ly s ty ren e
under th e se  c o n d itio n s  and found, as expec ted , t h a t  th e  onset of
c ro s s - l in k a g e  was in d ic a te d  by a sudden in c re a se  in  v i s c o s i ty  of th e
s o lu tio n , and th e  p a r t i a l  s e p a ra tio n  o f th e  polymer from s o lu tio n .
D ilu tin g  th e  medium by adding more e th e r  was found to  d e lay  th e  o n se t
of c ro s s - l in k a g e  and to  y ie ld  a ch lo ro m eth y la ted  p o ly s ty ren e  w ith  a
g re a te r  p e rcen tag e  of combined c h lo r in e .
I f  th e  p re p a ra t io n  of p o ly (4 -ch lo ro m eth y ls ty ren e ) from p o ly s ty re n e
is  to  be s u c c e s s fu l ,  th e  e x te n t of ch lo ro m e th y la tio n  b e fo re  c ro s s -
linkage occurs must n e c e s s a r i ly  be one ch lo rom ethy l group p er benzene
r in g ,  and u s in g  th e  procedure suggested  by Jo n es , w ith  m o d if ic a tio n s
by Arcus and A lger a polymer has been o b ta in ed  c o n ta in in g  t h i s
fit**—
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o
q u a n tity  o f  c h lo r in e .
The stoppage of th e  ch lo ro m eth y la tio n  re a c t io n  was e f fe c te d  by
co ld  w a te r , and th e  ch lo ro m eth y la ted  polymer was e x tra c te d  from th e
(13 3 )r e a c t io n  medium by benzene v ^ .
I t  has so f a r  been assumed th a t  th e  c h lo ro m e th y la tio n  o f po ly ­
s ty re n e  w i l l  r e s u l t  in  ex c lu s iv e  p a r a - s u b s t i tu t io n .  Whether th i s  
does in  f a c t  occur w i l l  depend upon th e  mechanism of the  r e a c t io n .
B o lle , C a lin , and Vavon. wor j^_ng wi t h  ch lo rom ethy l m ethyl
(13 5)e th e r ,  Dudek.and Szmant v '  working w ith  paraform aldehyde and
h y d ro ch lo ric  a c id , no ted  th a t  th e  r a te  of ch lo ro m e th y la tio n  o f
s u b s t i tu te d  benzenes was a f f e c te d  by th e  n a tu re  of th e  s u b s t i tu e n t ,
and w h ils t  a lk y l  and a lkoxy groups f a c i l i t a t e d  th e  r e a c t io n ,  n i t r o ,
ch lo rom ethy l, halogen and carb o x y l groups re ta rd e d  th e  reac tio n .,
These e f f e c t s  a re  th o se  t h a t  would be expected  i f  ch lo ro m e th y la tio n
involved  an e le c t r o p h i l i c  re a g e n t. F u r th e r  ev idence th a t  an
e le c t r o p h i l i c  re a g en t was concerned in  ch lo ro m eth y la tio n  was o b ta in ed
(9 / )
by Nazarov and Semenovsky who in v e s t ig a te d  th e  r e l a t i v e  amounts
of isom ers o b ta in ed  when s u b s t i tu te d  benzenes were ch lo ro m e th y la ted .
PhCH3 48.37* 51.7# 0% PI1CH2CH3 70% 30% PhF 89 11 %
PhCl^COOEt 6 0 .4 2 7 .0 12 .6 PhCH(CH3 )2 85 15 PhCl 63.7 36 .3
PhCH2Cl 69 16 15 PhC(CH3 )3 100 0 PhBr 56.9 43 01
Phi 52 .4 47 .6
p - 0 - m- B- 0- 0-
.... .......... .
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These r e s u l t s  a re  analogous to  th o se  o b ta ined  on n i t r a t i o n
( i . e .  e le c t r o p h i l i c  s u b s t i t u t io n ) .
( 136)
Nazarov and Semenovsky ■ have a lso  in v e s t ig a te d  th e  n a tu re
, of th e  e le c t r o p h i l i c  e n t i t y  in  ch lo ro m eth y la tio n  in v o lv in g  p a ra ­
form aldehyde. They have deduced th a t  th is  e n t i t y  i s  the  hydroxy1- 
m ethyl c a tio n ?
(+) ■(-)
H2C=0 + HC1 ^  CH2 OH + Cl
( +)  ( +)
ArH + CH2OH —> ArCH2 0H + H
ArCH2 0H + HC1’— » ArCH2Cl + H2 0
I n i t i a l  s u b s t i t u t io n  in v o lv es  th e  fo rm ation  of a hydroxym ethyl 
s u b s t i tu e n t  which under th e  c o n d itio n s  of th e  r e a c t io n  i s  r e a d i ly  
e s t e r i f i e d  t o  th e  ch lo rom ethy l s u b s t i tu e n t .
From what has a lre a d y  been s ta t e d  i t  would be expec ted  th a t  the  
ch lo ro m e th y la tio n  of p o ly s ty ren e  would t h e o r e t i c a l ly  occur in  bo th  
the o r th o -  and p a ra -p o s i t io n s  in  th e  benzene r in g s .  Nazarov and 
Semenovsky have found th a t  due to  s t e r i c  h indrance  the  c h lo ro ­
m e th y la tio n  o f  i-p ro p y lb en zen e  y ie ld s  85$ p a r a - s u b s t i tu t io n  and 15$
(96)o r th o - s u b s t i tu t io n .  More a c c u ra te  work by Freeman has d e te c te d
3 .2% m e ta - s u b s t i tu t io n ,  84$  p a r a - s u b s t i tu t io n ,  and 12% o r th o ­
s u b s t i tu t io n .  Thus a lthough  p a r a - s u b s t i tu t io n  in  p o ly sty ro n e  would 
be-.expected to  p redom inate, th e re  i s  th e  p o s s ib i l i t y  of bo th  m eta- ■ 
and o r th o - s u b s t i tu t io n ;  the  c h lo r in e  co n ten t of 2 3 . 4$  and 23.16$ fo r
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the  ch lo ro m eth y la ted  polymers 7 and 8, in d ic a te s  one ch lorom ethyl 
group per benzene r in g  (c a lc u la te d  f o r  C^H^Cl 2 3 .2 4 $ )0 However, 
the  groups may be p re se n t e n t i r e ly  in  th e  p a ra -p o s i t io n ,  o r p a r t ly  
in  th e  o r th o -p o s i t io n  and th e  m e ta -p o s itio n .
The in f r a - r e d  s p e c tra  o b ta in ed  from ch lo ro m eth y la ted  p o ly s ty ren e  
and p o ly (4 -ch lo ro m e th y ls ty ren e ) appear id e n t i c a l .
D esp ite  th e  p o s s ib i l i t y  o f o r th o -  or m e ta -s u b s t i tu e n ts ,  the  
ch lo ro m eth y la ted  p o ly s ty ren e  has been used in  p lace  of p o ly (4 -c h lo ro ­
m ethy lsty rene  ) in  some p re p a ra t iv e  experim en ts.
No d if fe re n c e  in  behav iour between th e  ” po lym erised” and th e  
'’s u b s t i tu te d ” polymer has made i t s e l f  m an ife st du ring  th e  p re se n t 
work. .
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PART 3
A v in y l  polymer c o n ta in in g  t h i o l  groups may be p rep ared  by th re e  
procedures?
(a ) The d i r e c t  in tro d u c tio n  of t h i o l  groups in to  th e  v in y l  
polym er.
(b ) The p o ly m e risa tio n  o f a v in y l  monomer co n ta in in g  a t h i o l  
group.
(c ) The co n v ersio n  of a s u b s t i tu e n t  in  a v in y l  polymer in to  a 
t h i o l  g roup ing .
The d i r e c t  in tro d u c tio n  of su lp h u r atoms in to  a v in y l  polymer has 
been shown by Davankov and co-w orkers to  le ad  to  a copolymer 
co n ta in in g  u n i t s  w ith  t h i o l ,  su lp h id e , and d isu lp h id e  groups. Thus 
when a s ty re n e -d iv in y lb e n ze n e  copolymer (96:4-) was su b je c te d  to  a 
F r ie d e 1 -C ra fts  r e a c t io n  w ith  e lem en tary  su lp h u r, in  th e  p resence o f 
anhydrous aluminium c h lo rid e  a t  78°, th e  p roduct was found to  c o n ta in  
4% su lp h u r in  th e  form of t h i o l  g roups, and 15$ in  th e  form of su lp h id e
/ • ]  o n \
and d isu lp h id e  groups ( th e  m ercap tosty rene  u n i t  c o n ta in s  S 23.55%) 
Although a v in y l  monomer w ith  a t h i o l  group in  a s p e c if ie d  p o s i t io n  
can be t h e o r e t i c a l l y  p rep a red , in  p ra c t ic e  d i f f i c u l t i e s  occur p r io r  to  
p o ly m e risa tio n , due to  the  r e a c t io n  between th e  r i n y l  group of one 
m olecule and th e  t h i o l  group of a n o th e r . However, L ebovits  and 
O verberger (^-38) so lved  t h i s  problem in  th e  p re p a ra t io n  o f
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p o ly (4 -n ie rca p to s ty re n e ) , by a c e ty la t in g  the  t h i o l  group in  
4-m ercapto-oum ethylbenzyl a lc o h o l p r io r  to  p y ro ly s is  and then* 
fo llow ing  p o ly m e risa tio n , l i b e r a t in g  th e  t h i o l  group by h y d ro ly s is .
A d iazo -g ro u p , or ch lorom ethy l group in  a polym er, can be 
converted  in to  a t h i o l  group by th e  use of potassium  e th y l  x an th a te  
or th io u re a  r e s p e c t iv e ly .
(139)D o lar, G regor, and Hoeschele have d iazo t.ised  a reduced ,
n i t r a t e d  p o ly s ty re n e , and fo llo w in g  xan thogenation  and h y d ro ly s is , 
ob ta ined  a p o ly (m u rcap to sty ren e) co n ta in in g  21.77$ o f su lp h u r.
Im oto, Nakagawa, and Okawara re a c te d  a ch lo ro m eth y la ted  p o ly ­
s ty ren e  w ith  th io u re a ;  a lk a l in e  decom position of th e  p roduct y ie ld e d  
a p o ly th io l  c o n ta in in g  7 .1$  o f t h i o l  groups ( th e  m ercap tom ethylsty rene 
u n i t  c o n ta in s  2 2 .0 $ ) .
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P o ly (4 -ch lo ro m e th y ls ty ren e ) has been s u c c e s s fu lly  re a c te d  w ith  
th io u re a  to  y ie ld  p o ly (4 -m ercap to m eth y ls ty ren e).
The r e a c t io n  between th e  polymer and excess th io u re a  was 
c a r r ie d  out in  s o lu t io n  where th e  in te rm o le c u la r  fo rce s  r e s u l t  in  
a s e p a ra t io n  and opening out of th e  polymer m o lecu les, m inim izing 
s t e r i c  h indrance  to  th e  r e a c t io n  between th e  th io u re a  m olecule and 
a ch lo rom ethy l group. This s t e r i c  h indrance i s  fu r th e r  d ecreased  
as th e  r e a c t io n  p ro ceed s, due to  th e  fo rm ation  along th e  polymer chain  
of iso th io u ro n iu m  groups w ith  t h e i r  form al ch arg e . Thus a d ja c e n t 
iso th io u ro n iu m  groups (from d i f f e r e n t  m olecules or from groups on 
the same m olecule b u t s e p a ra te d  by in te rv e n in g  u n i t s )  a re  fo rce d  
a p a r t ,  s e p a ra tin g  and opening up th e  polymer m olecules to  f u r th e r  
a t ta c k .  The s t e r i c  h indrance  would be ex p ec ted  t o  in c re a se  as th e  
m olecu lar w eigh t of th e  polymer in c re a s e s , bu t an a n a ly s is  of the  
p o ly th io l  r e s u l t in g  from th e  a lk a l in e  decom position  of th e  p o ly ( is o -  
th iouronium  s a l t ) ,  in d ic a te s  t h a t  in  th e  polym ers u sed , th e  s t e r i c  
e f f e c ts  a re  s u f f i c i e n t l y  m inim ized to  perm it com plete co n v ersio n .
This co n v ersio n  was found to  occur w hether p o ly (4 -ch lo ro m eth y ls ty ren e ) 
or ch lo ro m eth y la ted  p o ly s ty re n e  was used.
The decom position  of th e  p o ly (iso th io u ro n iu m  s a l t )  w ith  a l k a l i  
y ie ld e d  a s o lu b le  m ercap tid e , from which th e  p o ly th io l  was p r e c ip i ta te d  
whe.n th e  pH of th e  medium was reduced  below 12.
I t  i s  n e ce ssa ry  to  c a r ry  out th e  decom position and a c id i f i c a t io n  in
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an atm osphere of n i tro g e n , as oxygon in  th e  atm osphere causes th e  
o x id a tio n  o f th e  p o ly th io l .
A nalysis  of a p o ly (m ereap tom ethyIsty rene) su b jec te d  to  o x id a tio n  
w ith  oxygen, in d ic a te d  th a t  a complex product had been formed. The 
p roduct was an in s o lu b le  polymer c o n ta in in g  no t only a th re e  
d im ensional netw ork of d isu lp h id e  b r id g e s , b u t presum ably su lphon ic  
a c id  groups as  p ro d u c ts  o f f u r th e r  o x id a tio n . O xidation  w ith  io d in e  
y ie ld e d  a p roduct in  which o x id a tio n  appears to  have proceeded very  
l i t t l e  beyond th e  d isu lp h id e  s ta g e .
As a t e s t  to  ensure  th a t  o x id a tio n  had no t o ccu rred , p o rtio n s  of 
the p o ly (m ereap tom ethy Isty rene) were a s c e r ta in e d  to  be so lu b le  in  
oxygen-free- sodium hydroxide s o lu t io n  b e fo re  specim ens were su bm itted  
to  a n a ly s is .  '
P o ly (h -m ercap to m eth y ls ty ren e ) has been found to  r e a d i ly  r e a c t  in  
a lk a l in e  s o lu t io n  w ith  a s l i g h t  excess of m ercuric  cy an id e , to  y ie ld  
the  in so lu b le  po ly  [d i(4 --v in y lb en zy lth io )m ercu ry J  . A nalysis  of th i s  
product in d ic a te s  t h a t  com plete conversion  occurs during  th e  r e a c t io n ,  
and th u s  s t e r i c  h in d ran ce  must be minimized by th e  p resence  of a so lv e n t 
and the  fo rm al charges on th e  p o ly (4 -v in y lb en zy lth io so d iu m ) an io n , which 
cause a  s e p a ra t io n  and opening up of the  polymer m olecules to  a t ta c k .  
F u r th e r , a lth o u g h  p r e c ip i t a t io n  o f th e  p o ly [d i(A -v in y lb en zy lth io )m ercu ry ] 
commences im m ediately  on m ixing th e  two r e a c ta n ts ,  the  r a t e . of p re c ip ­
i t a t io n  must be r e l a t i v e l y  slow er th an  th e  r a te  of the  r e a c t io n ,  and th e
p r e c ip i ta te d  b u t u n reac ted  a n io n ic  raercap tide  groups must be 
s o lv a te d , p e rm ittin g  th e  m ercuric  cyanide to  d if fu s e  in to  th e  
lo c a l ly  sw ollen  macromolecule to  com plete th e  e x te n t of th e  
reac tio n ,,
The m ercuric  cyanide m olecule has been shown to  have l i t t l e
io n ic  s t r u c tu r e ,  and i t  is  t o  be expected  th a t  th e  S-Hg-S bonds in
po lyL di(4“V iny lbenzy lth io )m crcuryJ would be s im i la r ly  c o v a le n t„
In  f a c t  u sing  Gordy and Thomas’s f ig u re s  0f  e le c t r o n e g a t iv i ty ,
( 1 A 2 )and P a u lin g ’s ex p re ss io n  fo r  th e  percen tage  of io n ic  c h a ra c te r
in  a bond., i t  ap pears  th a t  th e  S-Hg bond has only about 10$ io n ic  
c h a ra c te r .
The m ercury atom i s  expected  to  be r e a d i ly  p o la r is a b le ,  and th u s  
in  a m olecule of m ercuric  cyanide the  11- I n in d u c tiv e  e f f e c t s  o f the  
n i t r i l e  groups w i l l  ten d  to  weaken th e  Hg-C bonds, and a t h i o l  an ion  
would r e a d i ly  r e a c t  in  th e  fo llo w in g  manner;
which i s  presumed to  be im m ediately fo llow ed by;
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to  y ie ld  a m ercury m ercap tid e0 I f  such a r e e c t io n  were to  invo lve  a 
polym eric t h i o l  an io n , then  i t  would be expected  th a t  as a  r e s u l t  o f 
p a ir s  o f su lp h u r atoms being combined w ith  mercury atom s, th e re  
would be some u n reac ted  polym eric t h i o l  a n io n s , to o  f a r  a p a r t  to  form 
co v alen t b r id g e s 0 However, a n a ly s is  in d ic a te s  v i r t u a l l y  com plete 
r e a c t io n ,  which can be ex p la in ed  by assuming th a t  th e  r e a d i ly  
p o la r is a b le  mercury atom can s h i f t  i t s  bonding in  th e  fo llo w in g  
manner, under th e  in f lu e n c e  of th e  ne ighbouring  anion:;
( . . )  I i
:S; ’
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o
and 100$ reaction can thus occur.
In  th e  fo rm atio n  of poly(carbam oylm ethy1 v in y lb e n z y l su lp h id e ) 
by th e  re a c tio n , o f po ly (m ercap tom ethy lsty rene) w ith  excess io d o - 
acetam ide , and p o ly (2 -cy a n o e th y l v in y lb e n z y l su lp h id e ) by th e  
r e a c t io n  of p o ly (m ercap tom ethy lsty rene) w ith  excess a c r y l o n i t r i l e ,  
the  conversions were found to  be s u b s ta n t ia l ly  com plete in  both  
c a se s . Once a g a in  p r e c ip i ta t io n  of th e  polym eric p roducts  commenced 
im m ediately on m ixing the  re a c ta n ts .,  and i t  i s  th e re fo re  assumed th a t  
the  re a c t io n s  a re  f a c i l i t a t e d  by th e  f a c to r s  a lre a d y  d e sc rib ed  in  the  
p re p a ra t io n  of po ly [’d i(4 --v in y lb e n zy lth io )m e rc u ry ].
In  th e  r e a c t io n  between p o ly (m ercap tom ethy lsty rene) and io d o - 
acetam ide, an a lk a l in e  s o lu t io n  i s  used which i s  s tro n g  enough to  
m ain ta in  th e  p o ly th io l  in  s o lu t io n  as i t s  an io n , w ith o u t causing  
h y d ro ly s is  o f th e  amide. The  ^ groups of th e  p o ly th io l  an ion  a re  
presumed to  e n te r  in to  b im o lecu la r n u c le o p h ilic  r e a c t io n  w ith  m olecules 
of io d o ace tam id e . The l a t t e r  undergoes such r e a c t io n  w ith  g re a t  
f a c i l i t y ,  and was developed by b iochem ists  as a re a g en t fo r  su lp h y d ry l 
groups in  p ro te in s .
The re a c t io n  w ith  a c r y lo n i t r i l e  i s  an example of th e  w ide ly -used  
cy an o e th y la tio n  r e a c t io n ,  p roceed ing  by an io n ic  a d d i t io n  to  th e  
o le f in  bond when th e  l a t t e r  i s  su b je c t t o  e le c tro n -w ith d ra w a l o f th e  
n i t r i l e  group.
— 24S- ~
PART L
N u cleo p h ilic  re a c t io n s
The n u c leo p h i\%<z and s u b s tr a te  in  an Sj\j2 r e a c t io n  s im u ltan eo u sly  
undergo covalency  changes, and th u s  th e  e a se  of such a r e a c t io n  w i l l  
depend upon th e  e a se  of h e te r o ly s i s  and c o -o rd in a tio n .
I f  an cx*-phenyl group i s  p re se n t in  an a lk y l  s u b s t r a te ,  such as a 
m ethyl h a l id e ,  th e  U+M" mesomeric e le c tro n  d isp lacem ent from th e  
benzene r in g  w i l l  f a c i l i t a t e  h e te r o ly s i s ,  by y ie ld in g  a resonance 
h y b rid  in  which forms such as ( i i )  and ( i i i )  p a r t i c ip a te :
(+)
Q = ch0 x (_ ) 
u ;  U-i) ( i i i )
The in c re a s e  in  th e  e le c tro n  d e n s ity  about th e  o(-carbon atom, due 
to  th e  C-Ph bond in  the  resonance hyb rid  p o sse ss in g  some tt bond 
c h a ra c te r ,  i s  c o u n te rac te d  by th e  n- I u in d u c tiv e  e f f e c t  o f th e  
benzene r in g .  T herefo re  th e  phenyl group in  a benzy l h a l id e  can 
f a c i l i t a t e  an S^2 r e a c t io n .
In  th e  a c t iv a te d  complex of t h i s  S^2 r e a c t io n ,  f u r th e r  s t r e tc h in g  
o f th e  C-X bond re q u ire d  fo r  com plete h e te r o ly s i s ,  w i l l  be brought 
about by e le c t ro n  r e le a s e  from th e  n u c le o p h ile , and by an in c re a se  
in-,the c o n ju g a tiv e  e le c tro n  d isp lacem ent from th e  benzene r in g .  The 
e le c tro m e ric  e le c t r o n  d isp lacem ent in  th e  a c t iv a te d  complex w i l l
CV cvx _ (+) O ch2 x(_)
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supplem ent th e  mesomeric d isp lacem en t, thus s t a b i l i z i n g  th e  complex 
to  a f a r  g r e a te r  e x te n t th an  i s  p o s s ib le  in  e i th e r  th e  i n i t i a l  s t a t e  
o f th e  benzyl- h a l id e ,  or in  a m ethyl h a l id e .  Thus an Sjj2 re a c t io n  
th a t  in v o lv es  a benzy l h a lid e  w i l l  proceed  f a s t e r  th an  th e  c o r re s ­
ponding re a c t io n  w ith  th e  m ethyl h a lid e .
The i n i t i a l  s te p  in  an S yl r e a c t io n  only in v o lv es  h e te r o ly s i s ,  
and th u s  th e  co n ju g a tiv e  e le c tro n  d isp lacem ents in  a benzyl h a lid e  
w i l l  r e a d i ly  f a c i l i t a t e  such  a r e a c t io n . F u r th e r , s in ce  a 
r e l a t i v e ly  s tro n g  p o s i t iv e  charge i s  developed in  th e  v i c i n i t y  o f the  
o(-carbon atom d u ring  th e  fo rm ation  of th e  a c t iv a te d  complex, the  
co n ju g a tiv e  e le c tro n  d isp lacem en ts  in  th e  complex w i l l  be much 
s tro n g e r  th a n  in  th e  co rrespond ing  Sjj2 re a c t io n .
I t  has a lre a d y  been s ta t e d  on page 111 , t h a t  under Mnormal1* 
c o n d it io n s ; w ith  re fe re n c e  to  th e  s e r ie s
Me-X, Et-X , Rri ~X, Bu^X, 
the  p -a lk y l  s u b s t r a te s  w i l l  more r e a d i ly  undergo a n u c le o p h ilic  
s u b s t i tu t io n  by a b im o lecu lar mechanism, w h ils t  a t - a l k y l  s u b s tr a te  
would more r e a d i ly  undergo th e  s u b s t i tu t io n  by a un im olecu lar 
mechanism. The s - a lk y l  s u b s tr a te  would l i e  in  a re g io n  o f 
m ech an is tic  change.
A b en zy l h a lid e  i s  an a r y l  s u b s t i tu te d  p -a lk y l  s u b s t r a te ,  b u t 
w h ils t  th e  more im p o rtan t co n ju g a tiv e  e le c tro n  d isp lacem ents  w i l l  
a c c e le ra te  b o th  Sjjl and r e a c t io n s ,  compared w ith  a p -a lk y l
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s u b s t r a te ,  th e  Sjjl mechanism w i l l  be more s tro n g ly  favoured . Thus, 
speaking g e n e ra l ly ,  an a r y l  s u b s t i tu te d  p -a lk y l  h a lid e  such as 
benzy l c h lo r id e  w i l l  l i e  in  a re g io n  of m ech an is tic  change, where 
n u c le o p h ilic  s u b s t i tu t io n  occurs by an o rder which i s  in te rm e d ia te  
between f i r s t  and second. However, by a d ju s t in g  th e  so lv e n t or 
n u c le o p h i l ic i ty  o f the  re a g e n t ,  th e  mechanism of th e  re a c t io n  can be 
c o n tro lle d .
The p resence  of a p -a lk y l  s u b s t i tu e n t  in  th e  benzene r in g  of a 
benzy l h a l id e ,  can le ad  to  th re e  means of e le c tro n  d isp lacem ents
(1 ) The U+IU in d u c tiv e  e f f e c t  of th e  a lk y l  group can i n i t i a t e  
c o n ju g a tiv e  e le c tro n  d isp lacem ents between th e  benzene r in g  
and the  halogen atom, which w i l l  be more marked th an  in  a 
b en zy l h a l id e .  Thus th e  i n i t i a t e d  c o n ju g a tiv e  e le c tro n  
s h i f t  w i l l  f a c i l i t a t e  h e te r o ly s is  to  a g re a te r  degree th an  
in  th e  co rrespond ing  b enzy l h a l id e .
(2) There may be th e  p o s s i b i l i t y  o f h y p e rco n ju g a tio n  between 
th e  a lk y l  group, benzene r in g ,  and th e  halogen atom. This 
c o n ju g a tiv e  e le c tro n  d isp lacem ent w i l l  no t be p o ss ib le  w ith  
an u n s u b s ti tu te d  benzy l h a l id e , and th u s  h e te r o ly s is  w i l l  
a g a in  be f a c i l i t a t e d  to  a g re a te r  e x to n t in  th e  p -a lk y l  
b en zy l h a l id e .
(3) The 51+IM in d u c tiv e  e f f e c t  o f th e  a lk y l  group can be re la y e d  
th rough  th e  phenyl group to  th e  o(-carbon atom. However,
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t h i s  o f f e c t  i s  weakened by th e  distano©  over which i t  has 
to  p a ss . The co n ju g a tiv e  and hy p erco n ju g ativ e  e f f e c t s  
w i l l  a ls o  le a d  to  ah in c re a se  in  th e  e le c tro n  d e n s ity  
about th e  o(-carbon atom. This in c re a se  in  e le c tro n  
d e n s ity  w i l l  be c o u n te rac te d  by th e  n~ In in d u c tiv e  e f f e c t  
o f th e  benzene r in g .
E le c tro n  d isp lacem ents  by means ( l )  and (2 ) , which f a c i l i t a t e  
h e te r o ly s i s ,  w i l l  have a g r e a te r  e f f e c t  th an  d isp lacem en ts  by means 
(3 ) .
The r e l a t i v e  e x te n t of co n ju g a tiv e  e le c tro n  d isp lacem ents  
(means 1 ) , induced by p - a lk y l  s u b s t i tu e n ts  in  a benzy l h a lid e , i s  
as fo llo w s :
p-Bu^ ) p -P r^  ) p-'Efc > p~Me > p-H 
However, th e  r e l a t i v e  a b i l i t y  of p -a lk y l  s u b s t i tu e n ts  to  undergo 
h y p e rco n ju g a tio n  i s  as fo llo w s :
p -M e )p -E t)  p-Pr^-) p-Bu^, p-H 
G en era lly  th e  e le c tro n  d isp lacem en ts  by means (2) a re  g re a te r  th an  
those  by means ( l ) .  T h e re fo re , i t  would be expec ted  th an  an Sj^2 
re a c t io n  o f a p - a lk y l  s u b s t i tu te d  b enzy l h a lid e  would proceed most 
r a p id ly  w ith  a p -m ethy l s u b s t i tu e n t ,  and l e a s t  r a p id ly  w ith  no 
s u b s t i tu e n t  (p -H ).
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R eaction S olven t Terap, M o lec u la rity . p-Me p-E t p -P r^  p-Bu^ p-H
- C ^ -C H g B r
+
C
Dry
Acetone
o o 2
2 .02  1 .8 1  1,63 1 .6 5  1 .2 2  
(lcA k2 )
In  th e  co rrespond ing  Sjjl r e a c t io n ? th e  r a te s  o f the p -a lk y l  
s u b s t i tu te d  benzy l h a lid e s  w i l l  be in  th e  same o rd er as in  th e  S^2 
re a c tio n ,, bu t w i l l  be much f a s t e r  th an  in  th e  co rrespond ing  re a c t io n  
w ith  a b en zy l h a l id e „
R eac tion Solvent Temp, M o lec u la rity tp-H p-Me p~Bu
■ - C 6H4-CH2Br 
H^ O HC00H 
...................
25° 1
R e la tiv e  r a t e s  
1 57.9 28 .0
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E xperim en ta l Methods
B ert has re p o r te d  t h a t  a ttem p ts  have been made to  p rep are
^-chlorom ethylcum ene by t h e : fo llow ing  p ro ced u res :
(1) C h lo r in a tio n  of b o i l in g  p~cymene.
(2 ) C h lo rom ethy la tion  of cumene.
(3 ) E s t e r i f i c a t i o n  o f cum inyl a lc o h o l by h y d ro ch lo ric  a c id .
The p h o to c h lo r in a tio n  of b o il in g  p-cymene undoubtedly  y ie ld e d
some 4.-chlorom ethylcum ene, b u t th e  use of a h ig h  te m p e ra tu re , and 
th e  p resence  of an iso p ro p y l as w e ll as a m ethyl s id e -g ro u p , would 
a lso  have been expected  to  have given  r i s e  to  a la rg e  number of 
o th e r  p ro d u c ts  of c h lo r in a t io n .  The s e p a ra t io n  o f th e se  p ro d u c ts  
from the  d e s ire d  chlorom ethylcum ene must have proved d i f f i c u l t ,  as 
th e  i s o la te d  4-chlorom ethylcum ene was re p o r te d  as having a low degree 
of p u r i ty .
The ch lo ro m e th y la tio n  o f cumene has been re p o r te d  to  y ie ld  
chlorom ethylcum ene, b u t no m ention was made of th e  p r o b a b i l i ty  th a t  
the  p rocedure would give r i s e  to  a m ixture o f isom eric  ch lo ro m eth y l- 
cumenes (see  d is c u s s io n , p a r t  2 , page 237)0 The f i n a l  d i s t i l l a t i o n  
o f chlorom ethylcum ene p rep a red  by th e  ch lo ro m e th y la tio n  o f cumene in  
th e  p resen ce  or -5^9 absence o f a c a ta ly s t  (^+5)^ over a
range of fo u r  to  f iv e  degrees w h ils t  under reduced  p re s su re , 
su g g ests  t h a t  th e  ch lo ro m eth y la ted  product c o n s is te d  o f an iso m eric  
m ixture o f c lo s e ly  b o il in g  chlorom ethylcum enes.
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The only  procedure of th re e  g iven  by B e r t, which would be 
expected  to  y ie ld  th e  d e s ire d  isom er o f chlorom ethylcum ene, was 
t h a t  used  by M ulliken and N o rris  who e s t e r i f i e d  4 - is o p ro p y l-
benzyl a lc o h o l w ith  c o n s ta n t b o il in g  h y d ro ch lo ric  a c id .
The mechanism of e s t e r i f i c a t i o n  w ith  halogen  a c id s  probab ly
in v o lv es  p ro to n a tio n  of th e  hydroxyl group in  th e  a lc o h o l , fo llow ed
by a slow  h e te r o ly s i s  of th e  C-0 bond to  form a carbonium io n :
F ast (+) ( - )
R-O-H + HX ;-----1 R-O-H + X
F ast
(+) Slow (+)  ^
F ast
R-O-H ~ — " R /+ H20
H
(+) ( - )  F ast 
R + X , v R-Xv
Slow
w here,
R = • ( C a n d  X = Halogen atom.
C onversion  of 4 -iso p ro p y lb e n z y l a lc o h o l in to  4-chlorom ethylcum ene 
was e f f e c te d  by h e a tin g  w ith  excess of c o n ce n tra te d  h y d ro c h lo ric  a c id .
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A ll th e  ap p ara tu s  in  th e  p re p a ra t io n  o f  sodium benzy l oxide was 
th o ro u g h ly  d r ie d  b e fo re  u se , and w ater vapour was p rev en ted  from 
e n te r in g  th e  ap p ara tu s  by means of calcium  c h lo r id e  guard  tu b e s .
The benzy l a lc o h o l used in  the  p re p a ra t io n  o f sodium b en zy l ox ide , 
and l a t e r  k in e t ic  work, was i n i t i a l l y  d r ie d  over anhydrous potassium  
c a rb o n a te , d i s t i l l e d ,  and th en  tho rough ly  d r ie d  by r e f lu x in g  w ith  
calcium  f o r  th re e  h o u rs , p r io r  to  a f i n a l  d i s t i l l a t i o n .  S im ila r ly , 
xy lene was d r ie d  over anhydrous calcium  c h lo r id e , d i s t i l l e d ,  and 
th e n  th o ro u g h ly  d r ie d  by d i s t i l l a t i o n  from sodium. These p rocedures 
were expected  to  ensure  th a t  th e  f i n a l  d i s t i l l a t e s  o f benzy l a lc o h o l 
and xy lene were s u f f i c i e n t ly  dry  to  be used in  the  p re p a ra t io n  o f 
sodium ben zy l ox id e . C onfirm ation  of t h i s  f a c t  was forthcom ing  from 
th e  use o f th e  K arl F is c h e r  re a g e n t, which showed th a t  le s s  th an  0.02$ 
of w a te r  was p re se n t in  e i th e r  of th e se  l iq u id s .
In  o rd e r to  p rev en t a u to x id a tio n , th e  f i n a l  d ry ings and 
d i s t i l l a t i o n s  of b enzy l a lc o h o l and xylene were done w h ils t  dry 
n i tro g e n  was bubbled th ro u g h  them.
The i n i t i a l  a ttem p t to  p repare  sodium benzy l oxide in v o lv ed  th e  
r e a c t io n  between p ie ce s  of sodium and a warmed excess o f b enzy l a lc o h o l, 
w h ils t  d ry  n itro g e n  was bubbled through th e  m ix tu re . The re a c t io n  was 
v e ry  slow  due to  th e  r e l a t i v e l y  sm all su rfa ce  a re a  over which th e  
r e a c t io n  cou ld  occur. F u r th e r , due to  th e  d i f f i c u l t y  of s t i r r i n g ,  
d is p e r s a l  in  o rd e r to  p erm it th e  access  o f u n reac ted  benzy l a lc o h o l
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to  a f r e s h  sodium su rfa c e  was h in d e red .
In o rd e r to  h a s te n  th e  r e a c t io n  and perm it a thorough m ixing of 
th e  r e a c ta n t s , a s l i g h t  excess o f a lc o h o l d i lu te d  w ith  x y le n e , was 
added to  th e  v ig o ro u s ly  s t i r r e d  sodium g lo b u les  in  xylene 
An immediate r e a c t io n  o ccu rred  which re q u ire d  no warming, and af^ber 
i t  appeared  th a t  a l l  th e  sodium had r e a c te d , th e  xylene and excess 
b en zy l a lc o h o l were d i s t i l l e d  o f f  under n itro g e n  and reduced  
p re s su re . Some oxide was th e n  ra p id ly  weighed out and d is so lv e d  
in  s ta n d a rd  h y d ro ch lo ric  a c id , and th e  excess a c id  was t i t r a t e d  
a g a in s t  s ta n d a rd  sodium hydroxide s o lu t io n ,  u sing  p h en o lp h th a le in  
as th e  in d ic a to r .  The e q u iv a le n t w eight of th e  sodium b en zy l ox ide , 
thus determ ined , was found to  be 122.8  ( E.W. G/yH^ ONa i s  1 3 0 .1 ).
The h ig h  va lu e  of th e  e q u iv a le n t w eight i s  a s c r ib e d  to  th e  te n ac io u s  
h o ld in g  of benzyl a lc o h o l by th e  sodium benzy l ox ide , p o s s ib ly  in  
p a r t  as a  m olecu lar compound.
In  th e  procedure f i n a l l y  used , e q u iv a le n t amounts of sodium and 
b en zy l a lc o h o l were a llow ed to  r e a c t  in  x y len e , and a f t e r  th e  re a c t io n  
appeared  com plete, th e  xy lene was d i s t i l l e d  o f f  a t  room te m p era tu re . 
The p ro d u c t was d is so lv e d  in  benzy l a lc o h o l.
E xperim en ta l evidence th a t  t h i s  was indeed  a s o lu t io n  o f sodium 
benzy l ox ide , and re a c te d  as such w ith  ch lo rom othy la ted  p o ly s ty re n e , 
polymer 7 , was forthcom ing from the p re p a ra t io n  of p o ly (v in y lb en z y l 
benzy l e th e r )  by in te r a c t io n  of th e se  two. The a n a ly s is  of the
p roduct was t h a t  expected  fo r  th e  com plete conversion  of th e  c h lo ro -  
m ethyl groups to  benzy l m ethylene e th e r  g roups.
The p re p a ra t io n  o f th e  sodium b en zy l oxide was done in  th e  
p resence  o f n itro g en *  in  o rd e r to .p re v e n t  th e  fo rm ation  o f  sodium 
p e ro x id e .
The n o rm a lity  o f th e  sodium b en zy l oxide s o lu t io n  was determ ined  
soon a f t e r  i t s  p rep a ra tio n *  and p e r io d ic a l ly  th ro ughou t i t s  use* by 
th e  procedure d e sc rib e d  on page 172* w ith  r e s u l t s  as shown on 
pages 173 and 257 •
The example g iven  on page 173 shows th a t  th e  n o rm a lity  o f the  
sodium b enzy l oxide s o lu t io n  does not v a ry  w ith  tim e d u ring  a run  
a t  70.55 ± 0 o05°« This constancy  was a lso  observed in  th e  o th e r 
s ix  b lan k  runs g iv en  below.
CyHr^ ONa
s o lu t io n
Mean value o f N. 
o f  C^HyONa s o l .
Days e lap sed  since*
th e  d i s tn .  o f CyHyOH used 
as a d i lu t e n t .
th e  f i r s t  N. 
d e te rm in a tio n
1 0.4153 N 3 days 0 days
0.4140 N 10 7
0.4135 N 5 37
2 0.3973 N 4 0
0 .396‘2 N 17 13
,3 0.4063 N 6 0
0.4079 N 26 22
.........................,........................................
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These r e s u l t s  in d ic a te  t h a t  th e  n o rm a lity  o f  a g iven  sodium 
b en zy l oxide s o lu tio n  does no t va ry  w ith  time* no r w ith  th e  
use o f aged benzy l a lco h o l.-
K in e tic s
A ccording to  th e  law o f m ass '-action , th e  r a te  o f a chem ical r e a c t io n  
i s  p ro p o r t io n a l  to  th e  p roduct o f th e  a c t iv e  mass o f each r e a c ta n t .  
The a c t iv e  mass of a r e a c ta n t  i a  s o lu t io n  i s  i t s  a c t i v i t y , b u t in  
d i lu te  s o lu t io n s ,  where th e  a c t i v i t y  c o e f f ic ie n t  i s  co n sid e red  to  
be u n i ty ,  th e  a c t iv e  mass can be re p re se n te d  by th e  s to ic h io m e tr ic  
c o n c e n tra tio n  o f th e  r e a c ta n t .  T herefore  in  th e  fo llo w in g  re a c t io n
A + B Products
A B Products
C o n cen tra tio n  ( m o le s / l i t r e  o f s o lu t io n )
a t  zero tim e ' a b 0
a t  " t n m inutes a f t e r  th e  zero tim e a -x b~x X
w here,
[ ] w i l l  re p re se n t th e  a c tiv e  mass o f  a r e a c ta n t  a t  a  g iven  
tim e in s ta n t .  
k2 i s  a  p r o p o r t io n a l i ty  c o n s ta n t ( r a te  c o n s ta n t) .
The r a te  o f  r e a c t io n  a t  a g iven  in s ta n t  c< [A] . [ b !
= k 2 [A] . [El
T h ere fo re ,
The r a t e  o f r e a c t io n ,  " t 11 min* a f t e r  zero tim e
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In te g ra t in g ;
1 . Ln b . (a -x )
  -  ~ t k 2
a-b  : a (b~x)
Knowing th e  i n i t i a l  s to ic h io m e tr ic  c o n ce n tra tio n s  o f the  r e a c ta n ts ,  
and th e  q u a n ti ty  re a c te d  a f t e r  v a r io u s  tim e in te r v a l s ,  a graph can 
be p lo t te d  of th e  v a lu es  of '’tk q '1 a g a in s t  th e  tim e wt w. The 
slope  of such a graph w i l l  y ie ld  th e  value  of th e  second order 
r a te  c o n s ta n t , ’’kq" ( l i t r e s  m oles””^  m inutes ^ ) .  ■
A lthough th e  p re se n t work was conducted a t  a s in g le  te m p e ra tu re , 
i t  w i l l  be o f  use to  p o in t out t h a t  t r a n s i t i o n - s t a t e  th e o ry  o f 
r e a c t io n  r a te  co n sid e rs  th a t  b e fo re  m olecules can tak e  p a r t  in  a 
chem ical r e a c t io n ,  th e y  must a t t a i n  a c e r ta in  q u a n tity  of energy 
above th a t  w ith  which th ey  a re  norm ally  a sso c ia ted ,, This q u a n ti ty  
o f energy can be co n sid e red  to  be re p re se n te d  by th e  energy of 
a c t iv a t io n  l!Eu . When such energy  has been a t ta in e d  by th e  r e a c t in g  
m olecules,, th e y  w i l l  form an a c t iv a te d  complex on c o l l i s i o n ,  which 
can e i t h e r  g ive  r i s e  to  th e  p roduct or b reak  down to  reform  th e  
r e a c ta n t s .
i . e .  A + B ^  A c tiv a ted  complex —* Products
The r a t e  o f a second o rd e r r e a c t io n  can s t i l l  be re p re se n te d  by 
th e  k in e t ic  e q u a tio n ,
Rate = k^ [A 1 . Cb]
where "kq'1, evaluated  by means of the tr a n s it io n -s ta te  theory, can 
be represented byj
SS/R -E/RT 
k^ -  RT . e . e
Nh
where,
R = Gas con stan t. T = Absolute tem perature.
N'= Avogadro's number. h = HLanck’s con stan t.
Therefore decreasing the temperature or entropy o f a c t iv a t io n , or 
in creasin g  the a c t iv a t io n  energy required for the rea c tio n , w i l l  
r e s u lt  in  a decrease in  the ra te  constant for the rea c tio n .
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A study  has been made of th e  k in e tic s  of th e  r e a c t io n  between 
v a rio u s  ch lo rom ethy l compounds and sodium benzy l oxide,, in  benzy l 
a lc o h o l a t  70.55 ± 0 ,0 5 ° . :The ch lorom ethyl compounds used were two 
homopolymers o f 4 ,-ch lorom ethy lsty rene  ? of d i f f e r e n t  m o lecu lar w eigh t; 
a copolymer of 4”C hlorom ethylsty rene and s ty re n e ; and m olecules of 
r e l a t i v e l y  low m olecu lar w eight which approxim ated to  th e  mer 
homologue o f th e  homopolymer,, and to  th e  s ide-g ro u p ?  1-G hlorom ethyl- 
cumene and benzy l c h lo r id e .
(-) (-) 
F h-C E y-O :^  CH2-C6H  ^ > fh -C H ^ O -C H ^ C ^ - -  + Cl
^ 1
The benzy l oxide an ion  i s  a r e l a t i v e ly  s tro n g  nuc leoph ile ., and 
the b en zy l a lc o h o l so lv e n t i s  one o f low d i e l e c t r i c  c o n s ta n t.
F urther., the  r a t io s  o f th e  c o n c e n tra tio n  o f th e  n u c leo p h ile  u sed s 
to  t h a t  of th e  c o n c e n tra tio n  o f th e  ch lorom ethy l compound., in  th e  
k in e t ic  ru n s ? la y  in  th e  range 1 .5 5 -2 .6 7 :1 . ■ The presence  o f  a 
r e l a t i v e l y  la rg e  'c o n c e n tra tio n  o f a s tro n g  n u c leo p h ile  in  a non­
io n iz in g  so lv e n t was expected  to  ensure  a b im o lecu la r r e a c t io n  w ith  
a k in e t ic  o rd e r o f 2 - .  The e v a lu a tio n  o f the  r a t e  c o n s tan t fo r  
such r e a c t io n s  has been done by th e  procedure d e sc rib ed  in  d e t a i l  
on pages 176-182.
Three p re p a ra t io n s  o f sodium benzy l oxide s o lu t io n  were needed in  
o rd e r to  com plete th e  re q u ire d  k in e t ic  ru n s . In  o rder to  ensure
t h a t  th ey  were id e n t i c a l  fo r  k in e t ic  work, each was su b je c te d  t o  a
k in e t ic  run  w ith  benzy l c h lo r id e . I f  th e  r a t e  c o n s ta n t f o r  th e  
r e a c t io n s  were w ith in  th e  p o s s ib le  ex p erim en ta l error, th en  th e  
th re e  p re p a ra t io n s  could  be co n sid e red  to  be s a t i s f a c to r y  and 
e q u iv a le n t. F u r th e r  k in e t ic  runs w ith  th e  benzy l c h lo r id e  were 
a ls o  done tow ards the  end o f  th e  use o f a g iven  sodium benzy l 
oxide s o lu t io n ,  in  o rd e r to  ensure th a t  no a l t e r a t i o n  had occurred  
on i t s  ag e in g .
CyHyONa
s o lu t io n
k2 fo r  r e a c t io n  
betw een CyHyONa 
and CyHyCl
—.1 T
(l.m o le -' min. )
Days e lap sed  s in ce  th e ,
d i s tn .  o f  C^HyOH used  
as a d i lu te n t
p re p a ra t io n  o f 
CyHyONa s o l .
1-1 0.07776 *4 days 11 days
1 -2 0.07761 5 12
2-1 0,07703 7 4
2-2 0.08155 26 23
2-3 0.08249 27 24
3 - 1 ( a ) 0.08015 7 4
3 -2 0.08176 .8 5
3 -3 (a)
.
0.08247 24 21
(a ) The same specim en of benzyl c h lo r id e  was used in  th e  k in e t ic  
runs 1 -1 ,2 ; 2 -1 ,2 ,3 ;  and 3 -2 . A second specimen was used in
3 -1 , and a t h i r d  in  3 -3 . These two l a t t e r  specimens o f
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b enzy l c h lo r id e  were f r e s h ly  d i s t i l l e d  p r io r  to  use in  a 
k in e t ic  run .
The v a lu e s  of th e  r a t e  c o n sta n t fo r  th e  r e a c t io n  between b enzy l 
c h lo r id e  and th e  f i r s t  b a tch  of sodium benzy l oxide s o lu t io n  ( l - l  
and 1 -2 ) , co rrespond  to  th e  f i r s t  (2 -1 ) o b ta in ed  w ith  th e  second 
b a tch  of th e  s o lu t io n . The o th e r v a lu es  o b ta in ed  w ith  th e  second 
b a tch  o f th e  oxide s o lu t io n  (2-2  and 2 -3 ) ,  co rrespond  to  th o se  
o b ta in ed  w ith  th e  t h i r d  b a tch  o f sodium benzy l oxide s o lu t io n  
(3 -1 , 3 -2 , and 3 -3 ) .
The use of d i f f e r e n t  sam ples o f  b en zy l c h lo r id e  shows t h a t  th e  
v a r ia t io n  in  th e  r a t e  c o n s ta n t does n o t a r i s e  from some ageing  
f a c to r  concern ing  th e  b enzy l c h lo r id e .
I t  i s  concluded th a t  th e  ± 3 .5%  v a r ia t io n  in  th e  value  o f th e  
r a t e  c o n s ta n t f o r  th e  r e a c t io n  between sodium b enzy l oxide and 
benzy l c h lo r id e ,  in  benzy l a lc o h o l a t  70.55 ± 0 .0 5 ° , re p re se n ts  
the  l im i t  o f ex p erim en ta l r e p r o d u c ib i l i ty  a t ta in a b le  by th e  methods 
employed in  th e  p re se n t work.
The k in e t ic  r e s u l t s  a re  s e t  out in  d e t a i l  on pages 185-205 >
and th e  graphs on page 187 re p re se n t th e  v a lu e s  o f  " tk ^ ”
p lo t te d  a g a in s t  Mt tt fo r  each o f th e  b im o leo u la r re a c tio n s
between sodium benzy l oxide and benzy l c h lo r id e , in  benzyl
a lc o h o l a t  70.55 ± 0 .0 5 ° . Each of th e se  graphs a re  l in e a r ,
w ith  a mean v a lu e  fo r  th e  second o rd er r a t e  c o n s ta n t of
0 .0801 l.m o le  \ i i n  \  S im ila r ly , l in e a r  graphs (page 189)
were found to  be g iven  by th e  re a c t io n  between sodium benzy l
oxide and 4-chlorom ethylcum ene, in  b enzy l a lc o h o l a t  
o
70.55 ± 0.05 , w ith  a mean va lue  fo r  th e  second o rd er r a te  
c o n s ta n t o f 0,125 l.m o le  ^min The r a te  c o n s ta n t fo r
4-chlorom ethylcum ene i s  thus 56% g re a te r  th an  th a t  fo r  benzy l 
c h lo r id e .
In a  d is c u s s io n  o f th e  r e a c t io n  between b enzy l oxide an ions 
and 4-chlorom ethylcum ene or benzy l c h lo r id e , th e  fo llo w in g  e f f e c t s  
must be co n sid e red ;
(1) P o la r  e f f e c t s  a r i s in g  from th e  n a tu re  o f th e  s u b s tr a te s  
W ith re s p e c t  to  th e  phenyl group co n sid e red  as a s u b s t i tu e n t  in  
m ethyl c h lo r id e ,  th e  f a c i l i t a t i o n  of C-Cl bond h e te r o ly s is  in  
4-chlorom ethylcum ene or b enzy l c h lo r id e  i s  g r e a te r  than  any 
r e ta r d a t io n  to  c o -o rd in a tio n  between a b enzy l oxide an ion  and th e  
o(-carbon atom of e i t h e r  of th e se  two s u b s t r a te s .  However, due to
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th e  p resen ce  o f th e  p - is o p ro p y l group in  4-chlorom ethylcum ene, th e  
ease  o f h e te r o ly s i s  of th e  G-Gl bond in  th a t  compound w i l l  be 
g r e a te r  th an  in  b enzy l c h lo r id e ; th i s  d if f e re n c e  being more 
marked .in  th e  a c t iv a te d  complex of th e  r e a c t io n .  As a r e s u l t  
o f th e se  p o la r  e f f e c t s ,  4-chlorom ethylcum ene would be expected  to  
r e a c t  more r e a d i ly  w ith  th e  b en zy l oxide an ion  th a n  would b enzy l 
c h lo r id e .
(2) S o lv a tio n  e f f e c t s
The h e te r o ly s is  o f th e  C-Cl bond in  th e  a c t iv a te d  complex o f th e  
r e a c t io n  betw een ^-chlorom ethylcum ene and th e  benzy l oxide an ion  
i s  more f a c i l e  th an  in  th e  complex o f th e  co rrespond ing  re a c t io n  
w ith  benzy l c h lo r id e . Thus a g r e a te r  d is p e r s a l  o f  charge w i l l  
occur in  th e  form er complex, and the  energy of s o lv a t io n  o f  th i s  
complex (d u e .to  so lv en t m olecules and ions p re se n t in  th e  r e a c t io n  
medium), w i l l  be sm a lle r  th an  th a t  of th e  complex in v o lv in g  b enzy l 
c h lo r id e . T h e re fo re , s o lv a t io n  e f f e c t s  would f a c i l i t a t e  th e  
r e a c t io n  betw een benzy l oxide an ions and b en zy l c h lo r id e , to  a 
g re a te r  e x te n t th an  th e  co rrespond ing  re a c t io n  w ith  4 -c h lo ro -  
m ethylcum ene.
S te r ic  e f f e c t s
S te r ic  r e ta r d a t io n  w i l l  be ex p erienced  in  th e  fo rm ation  of the  
a c t iv a te d  complex in  th e  S^2 r e a c t io n  between benzy l c h lo r id e , or
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4-chlorom ethylcum ene, and the  b en zy l oxide an ion . However, s in ce  
th e  p - is o p ro p y l group in  4-chlorom ethylcum ene i s  so f a r  from th e  
re a c t io n  c e n tre ,  th e  e x te n t o f s t e r i c  r e ta r d a t io n  would be expected  
to  be of th e  same magnitude w hether benzyl c h lo rid e  or 4 -c h lo ro ­
methylcumene was invo lved  in  th e  r e a c t io n .  S te r ic  fa c to r s  w i l l  
p robab ly  th e re fo re ,  n o t a f f e c t  th e  r e l a t i v e  r a te s  o f  th e  r e a c t io n  
between th e  benzy l oxide an ion  and 4-chlorom ethylcum ene or benzy l 
c h lo r id e .
(4-) Entropy e f f e c t s
The sm a lle r  degree of s o lv a t io n  in  th e  a c t iv a te d  complex o f th e  
r e a c t io n  between th e  benzy l oxide an ion  and 4-chlorom ethylcum ene, 
compared to  t h a t  in  th e  complex of th e  co rrespond ing  re a c t io n  w ith  
b en zy l c h lo r id e , in d ic a te s  th a t  a g re a te r  degree of randomness o f 
th e  so lv en t m olecules w i l l  occur in  th e  form er system . T h ere fo re , 
th e  en tropy  o f a c t iv a t io n  fo r  th e  r e a c t io n  between sodium benzyl 
oxide and 4-chlorom ethylcum ene, in  benzy l a lc o h o l , w i l l  be g re a te r  
th a n  in  th e  co rrespond ing  re a c t io n  w ith  benzyl c h lo r id e .
In  summary, i t  i s  in fe r r e d  th a t  th e  s t e r i c  and s o lv a t io n  e f f e c t s ,  
and th e  en tro p y  e f f e c t  dependent upon s o lv a t io n ,  a re  unim portan t in  
com parison w ith  th e  p o la r  e f f e c t .  Hence th e  r e a c t io n  o f  4 -c h lo ro ­
methylcumene w ith  sodium benzy l oxide would be expected  to  be 
f a s t e r  th an  t h a t  o f benzy l c h lo r id e , a  f a c t  which i s  borne out by 
th e  e x p e rim en ta l r e s u l t s .
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The graphs on pages 195-203 * of  th e  " tk 2U v a lu es  a g a in s t  " t"  
fo r  each k in e t ic  run  in v o lv in g  the  homopolymers, were found no t 
to  be l in e a r ,  bu t t o  show a p ro g re ss iv e  decrease  in  the  r a te  c o n s ta n t 
as th e  r e a c t io n  proceeded.
The v a lu e  o f th e  r a te  c o n s ta n t fo r  a g iven  percen tag e  o f polymer 
re a c t io n  was determ ined by i n i t i a l l y  p lo t t in g  a graph o f "x" a g a in s t  
" t " ,  i n  o rd e r to  determ ine th e  va lu e  of th e  tim e a t  which given  
p e rcen tag es  of r e a c t io n  o ccu rred , and th e n  drawing th e  normal on th e  
" k q t- t"  graph a t  th o se  tim es . The slope  of th e  curve (d e riv e d  from 
th a t  of th e  n o rm a l), y ie ld e d , to  a good approx im ation , the  
u instan taneous'*  second o rd er c o n s ta n ts  app ly ing  to  th e  co rrespond ing  
tim es . The v a lu e s  o f th e se  " in s tan ta n e o u s"  c o n s ta n ts  a re  g iven  in  
f u l l  on page 205 f ° r  each 10% re a c t io n .
I t  i s  found th a t  fo r  the  homopolymer formed w ith  1.0% i n i t i a t o r  
(M.W. 2 7 , 040 ) , th e  value  of "kq" -at 10% re a c t io n  i s  s l i g h t ly  g re a te r  
than  th a t  fo r  benzy l c h lo r id e , and th e r e a f t e r  p ro g re s s iv e ly  f a l l s  to  
a l i t t l e  over h a l f  of th e  i n i t i a l  va lue  a t  70% re a c t io n .  However, 
fo r  th e  homopolymer formed w ith  0.5% i n i t i a t o r  (M.W. 103,000), th e  
value  o f "kq" a t  10% r e a c t io n  i s  only 67% of th e  va lu e  fo r  benzy l 
c h lo r id e , bu t th e re  i s  ag a in  a  p ro g ress iv e  f a l l  in  th e  r a te  c o n s ta n t 
to  a  v a lu e , a t  70% re a c t io n ,  o f one h a l f  o f th e  i n i t i a l  v a lu e .
Each homopolymer th u s  shows a p ro g re ss iv e  f a l l  in  r a te  as th e  
r e a c t io n  p ro ceed s, and th i s  f a l l  i s  g r e a te s t  f o r  th e  h ig h e r m o lecu lar
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w eight°polym er. In  a d d i t io n , th e  i n i t i a l  r a t e  o f th e  r e a c t io n  
between b en zy l oxide an ions and th e  homopolymer of h ig h e r m o lecu lar 
w eight i s  co n s id e ra b ly  le s s  th an  th a t  fo r  th e  correspond ing  
r e a c t io n  w ith  th e  lower m o lecu lar w eight homopolymer.
The graphs on pages 191-193 o f  th© ntkr>n v a lu es  a g a in s t " t 1^  f o r  
each k in e t ic  iu n  in v o lv in g  th e  copolymer (M.W. 54*080), a l l  show 
a g r e a te r  l in e a r i ty - th a n  th e  correspond ing  graphs o f th e  homopolymers. 
Here, th e  mean va lue  o f  uk2U a t  10% r e a c t io n  i s  81% o f  th e  va lue  f o r  
benzy l c h lo r id e ,  and a t  70% r e a c t io n ,  the  c o n s ta n t f a l l s  by only 
14# (pa ge 2 0 4 )®
The s o l u b i l i t y  o f th e  copolymer resem bled th a t  of th e  lower 
m olecu lar w eight homopolymer.
In in f e r r in g  the  r e l a t iv e  r a te s  to  be expected  fo r  th e  r e a c t io n  
between b en zy l oxide an ions and th e  ch lorom ethy l polymers 2 , 4 , and 
5, in  com parison w ith  4-chlorom ethylcum ene, th e  fo llow ing  e f f e c t s  
must be co n sid e red .
(1) P o la r  e f f e c t s
The «+l» in d u c tiv e  e f f e c t ,  due to  the  -d im ethy lene  m ethyl group,
-  270 -
w i l l  be1 le s s  than  th a t  fo r  an iso p ro p y l group because th e re  a r e ,  as 
- s u b s t i tu e n ts ,  s u b s t i tu te d  phenyl groups a tta c h e d  to  th e  c h a in , 
th e  e f f e c t  o f which w i l l  ten d  to  le s s e n  e le c tro n -a c c e s s  to  the
group under c o n s id e ra tio n . F u r th e r , any in d u c tiv e  r e le a s e  from a 
m ethylene group w i l l  be shared  between two benzene s id e -g ro u p s .in  
th e  homopolymer. Thus th e  induced co n ju g a tiv e  e le c tro n  d isp lacem ents 
in  a ch lo rom ethy lpheny l group o f th e  polymer w i l l  be le s s  marked than  
in  4-chlorom ethylcum ene, a lthough  th e  degree of h y p e rco n ju g a tio n , due 
to  th e  s in g le  Di-hydrogen atom, w i l l  be s im i la r .  As a r e s u l t  of the  
p o la r  e f f e c t s ,  i t  would be expected th a t  a ch lorom ethylphenyl group 
o f th e  polymer would r e a c t  le s s  r e a d i ly  w ith  th e  benzy l oxide an ion  
th an  would 4-chlorom ethylcum ene, b u t more re a d i ly  than  benzy l 
c h lo r id e .
(2 ) L ocal s o lv a t io n  e f f e c t  on the  t r a n s i t i o n  s t a t e
S o lv a tio n  e f f e c t s  upon th e  t r a n s i t i o n  s t a t e  (due to  so lv e n t m olecules 
and ions p re se n t in  th e  r e a c t io n  medium), would be expected  to  
f a c i l i t a t e  th e  r e a c t io n  between th e  b enzy l oxide an ion  and a 'c h lo r o ­
m ethylphenyl group of th e  polymer to  a g re a te r  e x te n t th a n  the  
co rrespond ing  re a c t io n  w ith  4~Ghlorom ethylcum ene, b u t to  a le s s e r  
e x te n t  th a n  b en zy l c h lo r id e .
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(3) S o lv a tio n  and o th e r e f f e c t s  on th e  c onfo rm ation  o f th e  . 
maoromolecules
E nergy-en tropy  c o n s id e ra tio n s  of the  p re sen t d a ta  a re  h a rd ly  
p o ss ib le  because th e  d i s t r ib u t io n  o f th e se  q u a n t i t ie s  between 
th e  c o ile d  m acrom olecule, and th e  t r a n s i t i o n  s t a t e  in  the  
u lo c a l"  s e n se , would have to  be determ ined . However, i t  i s  
p ra c t ic a b le  to  c o n s id e r th e  e f f e c t s  of c o il in g  on th e  p ro b a b i l i ty  
o f e f f e c t iv e  c o l l i s io n  between s id e-g ro u p s  and re a g e n t.
W ith re s p e c t  to  re a c t io n s  of m acrom olecules, th e  g e n e ra l 
assum ption i s  made t h a t ,  when th e  m acrom olecular compound i s  in  
s o lu tio n  in  a  good s o lv e n t , .a n d  f r e e  of any unusual r e s t r i c t i n gm
fo rc e s , th e  in d iv id u a l  m olecules a re  h e av ily  so lv a te d , and lo o se ly  
c o i le d , th e  conform ation  being  th e  nf r e e -d ra in in g ” c o i l .  The degree 
o f c o i l in g ,  e x p re s s ib le  as volume occupied by a g iven  len g th  of 
so lv a te d  polym er c h a in , i s  co n sid e red  to  be independent o f m olecu lar 
w eigh t, a t. l e a s t  over a la rg e  ran g e , and th e  openness of c o i l in g  
perm its  re a g e n t m olecules v i r t u a l l y  eq u al ease of access to  a l l  
polymer s id e -g ro u p s .
When th e se  co n d itio n s  h o ld , i t  is  im plied  th a t  th e  i n i t i a l  r a te  of 
re a c t io n  of s id e -g ro u p s , a tta c h e d  to  a given type o f m acrom olecule, 
i s ' independent of m olecu lar i^e igh t. Changes in  r a t e  may th e r e a f t e r  
m an ife s t them selves as th e  rem ain ing  u n reac ted  groups become flan k ed  
w ith  th e  incoming type o f group, lead in g  to  an a l t e r e d  s t e r i c  and
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p o la r  environm ent, and p o s s ib ly  to  a l t e r e d  s o lu b i l i t y .
W ith r e s p e c t  to  a copolym er, in  which r e a c t iv e  groups a re  spaced 
out by i n e r t  u n i t s ,  th e  e x p e c ta tio n , i f  th e  copolymer i s  f r e e ly  
d is so lv e d  in  a good so lv e n t and th e  re a c t iv e  groups a re  n o t such as 
i n t e r a c t  m arkedly between th em selves, i s  th a t  th e  i n i t i a l  r a te  o f 
r e a c t io n  w i l l  n o t d i f f e r  g r e a t ly  from th a t  of th e  homopolymers.
The p re s e n t r e s u l t s  d i f f e r  from th e  s i t u a t io n  o u tlin e d  above, 
which i s  a p p ro p r ia te  to  m acrom olecules in  a good s o lv e n t , form ing 
f r e e -d ra in in g  c o i l s .  ■ I f  th e  in s tan tan eo u s  r a te  c o n s ta n t a t  10% 
re a c t io n  i s  tak en  as re p re s e n ta t iv e  o f th e  r e a c t io n  in  i t s  e a r ly  
s tag e s  (pages 204-205 )> i t  i s  seen th a t  th e  va lue  f o r  th e  lower 
m olecu lar w eight homopolymer i s  co n sid e rab ly  g r e a te r  than  th a t  fo r  
th e  h ig h e r m olecu lar w eight homopolymer.' (The va lu e  fo r  th e  
copolymer i s  in te rm e d ia te , as i s  the  copolymer in  m olecu lar w e ig h t) .
A c lu e  to  th e  c o n d itio n s  o b ta in in g  i n  th e  s o lu tio n s  i s  prov ided  
by th e  o b se rv a tio n  t h a t ,  whereas th e  lower m o lecu lar w eight 
homopolymer rem ains in  s o lu t io n  a t  room tem p eratu re  in  th e  p resence  
of d is so lv e d  sodium b enzy l ox ide , i t  i s  n e ce ssa ry  to  warm to  40°  fo r  
the  d is s o lu t io n  o f th e  h ig h e r m olecu lar w eight homopolymer to  occur 
in  the  p resence  of t h i s  e l e c t r o l y t e .  I t  i s  in f e r r e d  th a t  0.2N- 
benzyl a lc o h o lic  sodium b enzy l oxide i s  a com parative ly  poor so lv e n t 
fo r  p o ly (4 -c b lo ro m e th y Is ty re n e ) , and th a t  th e  m olecules of a l l  th e  
polym eric s u b s tr a te s  w i l l  be r e l a t i v e l y  p oo rly  so lv a te d , and t i g h t l y
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c o i le d .
7)
Hence, th e  access  o f th e  a t ta c k in g  re a g en t m olecules i s  no 
lo n g e r independent o f th e  p o s i t io n  o f a g iven  s id e -g ro u p  w ith in  
th e  c o ile d  m acrom olecuie. P e n e tra tio n  in to  th e  c o i l  becomes 
d i f f i c u l t  and co rre sp o n d in g ly  th e  p ro b a b i l i ty  of r e a c t io n  of a 
s id e -g ro u p  which chances to  be in  th e  o u te r la y e r  of th e  
macromolecule becomes g re a te r  th a n  th a t  fo r  a s id e -g ro u p  w e ll 
w ith in  th e  c o i l .
I t  i s  u s e fu l  to  c o n s id e r th e  case  where th e  macromolecule forms 
a t i g h t  c o i l ,  p o s tu la te d  to  be a sphere,, ra d iu s  " r u . B im olecular 
r e a c t io n  w ith  a re a g e n t i s  p o s tu la te d  to  be p ra c tic a b le  only in  an 
o u te r  layer,, th e  e f f e c t iv e - r e a c t io n  la y e r ,  of th ic k n e ss  ‘‘q11, sm all 
compared w ith  Hr M. No doubt, bo th  o u te r  and in n e r boundaries o f 
th e  e f f e c t iv e - r e a c t io n  la y e r  are  d i f f u s e ,  b u t an average th ic k n e ss  
i s  im p lied , co rrespond ing  to  th e  average p e n e tra tio n  d is ta n c e  by 
the  re a g e n t m olecu les .
The d e n s ity  (grams of mers p e r c , c . )  o f th e  m acrom olecular 
s p h e r ic a l  c o i l  i s  reg ard ed  as c o n sta n t th ro u g h o u t. t
Of th e  t o t a l  mers com prising th e  m acrom olecule, only th e  
f r a c t io n s  c
Volume o f th e  e f f e c t iv e - r e a c t io n  la y e r  
T o ta l volume
is  a v a i la b le  fo r  r e a c t io n  a t  any in s t a n t .  Hence th e  nom inal
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a c tiv e  mass, in  moles of mers p e r l i t r e  (b -x ) , should  be 
m u lt ip l ie d  by t h i s  f r a c t io n  to  y ie ld  th e  e f f e c t iv e  a c t iv e  mass, 
The f r a c t io n  i s 5
Zprjr^ -  ( r - q P j  3 ^ q  -  3^q^ + q^
/jjrr-3
3
which on n e g le c tin g  powers of q > 1 , reduces to :
3q
r
I f  l,N" i s  Avogadro’s number, 11M11 the  m olecu lar w eight of th e  
macromolecule, and Hdn th e  d e n s ity  of th e  m acrom olecular s p h e r ic a l
(7 3 )
c o i l ,  th en
Zjjrr^ d _ M 
3 ~ N
and th e re fo re
r  -- 3M 
. LprdN.
1/3
S u b s t i tu t in g  e q u a tio n  (74) in to  eq u a tio n  (73 )2
F ra c tio n  o f  mers in  th e  e f f e c t iv e - r e a c t io n  la y e r
= 3 q (4irdN) 1 / -3 
( 3M ) l /3
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On th is view, the rate of reaction is  given by;
dx (a -x ) (b-x) . 3q  ( A-^ dN ) * ^
“  ** 1 /3d t (3M)
and s in ce  HqM and ud" a re  co n sid ered  to  he independent o f the  
m o lecu lar w eight ,
dx = C onstant * (a -x ) (b-x) * M 
d t
which on in te g r a t io n  y ie ld s :
1 *Ln b.  (a -x ) = C onstant * M * t
(a -b ) a (b-x)
I f  t h i s  h y p o th esis  i s  c o r r e c t ,  th e n , f o r  th e  v a lu es  o f ’’kq” 
ex p e r im e n ta lly  determ ined , fo r  th e  e a r l i e r  s tag e s  of th e  r e a c t io n ,
— C onstant a lvf-^5
1/3  _k^M — C onstan t
Homo polymer (1%)
..—. ..
Homo polymer (]s%)
!
Copolymer
k^ a t  10% r e a c t io n  
M olecular -weight
1 /3k2M L
8.54*10~2
27040
2.56
5.34x10“2
103000
2.50
6 . 51*10~2
540SO
2,46
.......  .......... —j
The product mM51<2U i s  to le r a b ly  c o n s ta n t, and i t  i s  suggested  
th a t  th e  hy p o th esis  of an e f f e c t iv e - r e a c t io n  la y e r  accoun ts  fo r  the
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g r e a te r  p a r t  o f th e  change in  r a te  w ith  m olecu lar w eigh t.
0  ■ '
I t  shou ld  be added t h a t ,  s in c e  th e  h ig h e r m olecu lar w eight 
homopolymer was observed to  be th e  le s s  so lu b le , i t  i s  p o ss ib le  
th a t  i t  i s  le s s  so lv a te d  and more t i g h t l y  c o ile d  in  s o lu t io n  th an  
th e  lower m o lecu lar w eight specimen^ t h i s  would augment th e  
h indrance  to  r e a c t io n  g e n e ra l ly .
F u r th e r , r e a c t io n  in  th e  k in e t ic  runs was ta k en  to  over 60%, 
u s u a lly  to  over 70%, and under th e  Hfo rc in g 11 c o n d itio n s  o f the 
p re p a ra t io n  o f po ly (4 --v iny lbenzy l benzyl e th e r )  s u b s ta n t ia l ly  to  
com pletion,, I t  i s  n o t, th e r e f o r e ,  th e  case th a t  only a s t a t i c  
su rfa c e  la y e r  r e a c t s ,  and i t  i s  em phasized t h a t ,  owing to  normal 
th e rm a l a g i t a t i o n ,  f r e s h  segments o f th e  macromolecule e n te r  th e  
e f f e c t iv e - r e a c t io n  la y e r ,  w hile o th e rs  a re  w ithdrawn in to  the  
i n t e r i o r ,  so t h a t  a l l  mers a re  e v e n tu a lly  ab le  to  r e a c t .
W ith th e  p ro g ress  of r e a c t io n ,  the  v a lues o f ” ^2” d im in ish  
m arkedly fo r  th e  homopolymer o f h ig h e r m olecu lar w eigh t, somewhat 
le s s  fo r  t h a t  o f lower m olecu lar w eigh t, and much le s s  fo r  th e  
copolym er. The d e c e le ra t io n  i s  a s c r ib e d  to  s t e r i c  h indrance  
by th e  la rg e  b en zy l m ethylene e th e r  groups, w hich, as  th e  r e a c t io n  
p roceeds,^  form th e  p a r a - s u b s t i tu e n ts  in  th e  m acrom olecule0 
P ro g re ss iv e  s u b s t i t u t io n ,  as in d ic a te d  in  th e  fo rm ulae,
h in d e rs  th e  approach  o f th e  benzyl oxide an ion  re q u ire d  fo r  f u r th e r  
r e a c t io n ,  and d ecreases  th e  en tro p y  o f a c t iv a t io n .
I f  th e  homopolymer o f h ig h e r m olecu lar w eight i s  le s s  so lv a te d  
and more t i g h t l y  c o ile d , i t  would be more s u s c e p tib le  to  
d e c e le ra t io n  by t h i s  means.
Such h ind rance  i s  m a n ife s tly  le s s  e f f e c t iv e  in  th e  copolymer, 
in  which th e  ch lo rom ethy lpheny l s id e  groups a re  spaced out by, on 
th e  av erag e , two i n e r t  s ty re n e  u n i t s ,  whose bu lk  does n o t a l t e r .
-  278 -
S U M M A R Y
-  279 -
SUMMARY
O
p~T oluid ine was d ia z o t is e d  and th e n  t r e a te d  w ith  cuprous cyan ide to  
y ie ld  p - t o l u n i t r i l e • P h o to c h lo r in a tio n  o f p - t o l u n i t r i l e  gave 
4-cyanobenzyl c h lo r id e , which was converted  by a Stephen re a c t io n  
in to  4 -ch lo rom ethy lbenzaldehyde. This aldehyde was th e n  su b je c te d  
to  a G rignard r e a c t io n  w ith  m ethyl magnesium brom ide, to  y ie ld  
4~chlorom ethyl-& -m ethyibenzyl alcohol*  D ehydration o f t h i s  a lc o h o l 
by means o f fu sed  po tassium  hydrogen su lp h a te  y ie ld e d  4 -ch lo ro ~  
m e th y ls ty re n e ,
Hom opolym erisation o f  4 -ch lo ro m e th y ls ty ren e  u s in g  c<o0 - a z o is o -  
b u ty r o n i t r i l e  (1,0% o f th e  w eight o f  th e  monomer), under n i tro g e n  
a t  71 -72°, y ie ld e d  a p o ly  (4 -ch lo ro m e th y ls ty ren e ). A s im ila r  
p o ly m e risa tio n  was c a r r ie d  out u s in g  < x o d -azo iso b u ty ro n itrile  (0,5% 
o f th e  w eigh t o f th e  monomer) commencing a t  51°> th e  tem p era tu re  
th e n  being  in c re a s e d  by fP every  h a l f  an hour u n t i l  a maximum 
te m p e ra tu re  o f  66° was a t ta in e d .
4 -C h lo ro m eth y ls ty ren e  was copolym erised w ith  s ty re n e  (m olar 
r a t i o  1 :2 )  u s in g  (XoC’- a z o is o b u ty r o n i t r i le  (0,6% o f  th e  w eigh t o f  th e  
monomer), under n itro g e n  a t  71-72°, and y ie ld e d  a copolymer w ith  a
V, ■
m olar r a t i o  o f 1 :1 .6 9  .
The copolym ers and homo polymers were a l l  so lu b le  in  benzene, 
from which th e y  were p r e c ip i ta te d  by a d d itio n  to  l i g h t  pe tro leum  
(b .p , 4 0 -6 0 °) .
-  280 -
The l im i t in g  v i s c o s i ty  numbers o f th e  polym ers, in  to lu e n e  a t  25°, 
were found to  be; homopolymer (0,5% i n i t i a t o r )  0 .472 , homopolymer 
(1,0% i n i t i a t o r )  0 .180 , and copolymer 0 .296 .
S o lu tio n  p o ly m e risa tio n  o f  s ty re n e  u s in g  benzoyl perox ide  (1,0% 
of th e  w eight o f  th e  monomer), y ie ld e d  p o ly s ty re n e , which was 
p r e c ip i ta te d  by a d d itio n  to  m ethanol.
P o ly sty ren e  was ch lo ro m eth y la ted  a t  12-17°, u s in g  ch lorom ethy l 
m ethyl e th e r  and anhydrous z in c  ch lo rid e*  The ch lo ro m eth y la ted  
polymer was so lu b le  in  benzene, from which i t  was p r e c ip i ta te d  by 
a d d it io n  t o  e th a n o l . A nalysis  o f th e  ch lo ro m eth y la ted  p o ly s ty re n e  
in d ic a te d  com plete m onochlorom ethylation.
The lo g a r ith m ic  v is c o s i ty  number o f p o ly s ty ren e  and c h lo ro ­
m e th y la ted  p o ly s ty ren e  were determ ined in  to lu e n e  a t 25° and found 
to  be; p o ly s ty re n e  (c = 1 .0 9 ) 0.173 , and ch lo ro m eth y la ted  po ly­
s ty re n e  (c = 1 ,071) 0 .150 .
P o ly (4 -ch lo ro m e th y ls ty ren e ) and p o ly (ch lo ro m eth y ls ty ren e ) have 
been re a c te d  w ith  th io u re a , under n i tro g e n , to  y ie ld ,  v ia  th e  
th io u ro n iu m  c h lo r id e s , p o ly (4 -iae rcap to m eth y lsty ren e ) and p o ly - 
(m ercap to m eth y lsty ren e). A nalysis  o f th e  p o ly th io ls  in d ic a te s  
complete^ co n v ersio n  o f th e  ch lorom ethyl groups in to  m ercaptom ethyl 
g ro u p s.
The p o ly t h i o l •gave w ith  m ercuric  cyan ide , p o ly [d i(v in y lb e n z y l-  
th io )m e rc u ry ] ; w ith  iodoacetam ide , poly(carbam oylm ethyl v in y l -
~ 281 -
b e n z y l  s u l p h i d e ) ;  a n d  w i t h  a c r y l o n i t r i l e ,  p o l y - ( 2 - c y a n o e t h y l  v i n y l -  
b e n z y l  s u l p h i d e ) .  A n a l y s i s  o f  e a c h  r e a c t i c n p r o d u c t  i n d i c a t e s  
c o m p l e t e  c o n v e r s i o n  o f  t h e  t h i o l  g r o u p i n g .  T h e  f a c t o r s  l e a d i n g  t o  
h i g h  c o n v e r s i o n s  a r e  d i s c u s s e d .
O x i d a t i o n  o f  a n  a l k a l i n e  s o l u t i o n  o f  p o l y ( m e r c a p t o m e t h y l s t y r e n e )  
w i t h  i o d i n e  y i e l d e d  a  p r o d u c t  i n  w h i c h  o x i d a t i o n  a p p e a r s  t o  h a v e  
p r o c e e d e d  v e r y  l i t t l e  b e y o n d  t h e  d i s u l p h i d e  s t a g e .
R a t e  c o n s t a n t s  h a v e  b e e n  d e t e r m i n e d  o f  t h e  r e a c t i o n s  b e t w e e n  
s o d i u m  b e n z y l  o x i d e ,  i n  b e n z y l  a l c o h o l  a t  70.55 -  0.05°^ a n d  b e n z y l  
c h l o r i d e ,  4 - c h l o r o m e t h y l c u m e n e ,  t w o  s p e c i m e n s  o f  p o l y ( 4 - c h l o r o -  
m e t h y l s t y r e n e )  o f  d i f f e r e n t  m o l e c u l a r  w e i g h t s ,  a n d  t h e  c o p o l y m e r  
w i t h  s t y r e n e .  T h e  r e s u l t s  a r e  s e t  o u t  o n  p a g e s  204“’205.> a n d  a r e  
d i s c u s s e d  i n  r e l a t i o n  t o  p o l a r  a n d  o t h e r  e f f e c t s ,  t o  c h a i n  c o i l i n g ,  
a n d  t o  t h e  s p a c i n g  o u t  o f  r e a c t i v e  g r o u p s  i n  t h e  c o p o l y m e r .
V
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